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SUMMAKf 

A survey of unclassified aad.al-f low-confessor Uteratiure Is presented in the 
form of hrlef reviews of the methods, restilts, and conclusions of selected reports. 
The reports axe organized into several main categories with subdivisions, and fre- 
quent references are made within the individual reviews to peirtlnent material else- 
where in the survey. 


nmoDccacrcai 

This report, presenting a hroad sirrvey of the acquired information and the re- 
search progress into various aspects of the aerodynamics of axial-flow compressors, 
takes the form of brief reviews of the methods, results, and conclusions of selected 
reports on compressor investigations. The conanents and evaluations in the reviews 
reflect statements by the authors of the reports being considered, unless specified 
otherwise. 

The reports have been selected to obtain a comprehensive picture. Obviously, 
not all the related reports could be reviewed, therefore, omission of a report does 
not necessarily reflect on its worth. Also, only the unclassified reports are re- 
viewed, because much of the fundamental work in the major compressor problems is 
unclassified. 

ffiie entire survey conprises two main sections, the first reviewing the lltera-: 
tin:e under the general heading of FLCW AMD ISSCGIT THEORIES, and the second including 
mainly the experimental investigations into cMnpressor perfcsrmance and characteris- 
tics. Reports on end losses, secondary flows, works of general historical interest, 
and an alphabetical author index are also included. Many investigations involve 
analytical as well as experimental studies, so that the placing of a review within 
a theoretical or experimental heading is arbitrary. Assigning a report to a sub- 
division under a main heading is also arbitrary, because many reports touch upon 
several aspects of compressor research. The reports are placed on the basis of what 
was considered the main topic discussed in each report. Insofar as possible, ref- 
erences are made in the reviews in each subdivision to i)eartlnent studies reviewed in 
other sections. 


SECnOH I. FLOW AMS lESIGIT TSBORIES 


A. CASCADES, BLADE ROWS, STATORS, AMD ROTORS 

1. Ruden, P.: Investigation of Single-Stage Axial Fans. MACA TM 1062, 1944. 

The axisynmetry assumption, of an infinite number of thin blades gives the correct 
circtmferentially averaged values of the fl\ild properties, provided the deviations of 
these properties from the average are small. 
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The assTunption that all radial con 5 >otietits vanish could not he meilntalned in 
estimating the hehavior of an axial -flow fan over Its entire operating range. There- 
fore, formulas for calculating stationary and rotating cascades are derived •aasumlng 
small nonzero radial velocities. After individual airfoil-section calculations are 
made, a through-flow-dlstrihution ceilculation is made which correlates operating con- 
ditions of the indlvidtial caacade sections. The Betz method (interference of nel^- 
horing profiles accounted for in a two-dimensional potential-flow Solution about a 
central airfoil using the Betz chart) is extended hy the use of a thickness correc- 
tion, and diagrams are used to simplify the calculations, Tie through-flow calcula- 
tion procedure leeuis to a differential equation which is reduced to a difference 
equation and solved hy an iteration process . 

2. Ferrari, Carlo; l)h methodo rapido approssimato dl calcolo delle caratteristiche 

aerodlnamiche delle schlere di prof ill alari. Atti della Accad. delle Scl. di 
Torino, t. 81, no. 1, 1947, pp. 264-28S. _{A Rapid Approximate Method of Com- 

puting Aerodynamic Characteristics of Cascades of Airfoils.) 

An approximate method of calculating the potentieil flow at small incidence an- 
gles past a cascade of thin low-camhered airfoils is based on a theory of subtly 
nonuniform flow paat isolated airfoils. 

3. Ferrari, Carlo; Sulla determinazlone del profile 'ottlmo' per le pale del com- 

pressor! asslall. Rend, dell 'Accad. Neizionale del Lincei, t. 2, May 1947, 
pp. 576-586. (On the Detearmlnatlon of the 'Best' Profile of Blades for Axial 
Compressors.) 

A transfoimatlon method is developed to determine the aerodynamic characteris- 
tics of thin low-cambered airfoils in frictlonless flow and is restricted to compres- 
sors with small pressure rises. The criteria for the 'best' profile are. based on 
requirements of uniform pressure distribution and flow- separation avoidance. 

4. Goldstein, S. ; Approximate Two-Dimensional Airfoil Tieory. Pt. I - Velocity 

Distributions for Symmetrical Aerofoils. C.P. No. 68, British A.R.C. - Pt. II - 
Velocity Distributions for Cambered Aerofoils. C.P. Ho. 69, British A.R.C. - 
Goldstein, S., and Ricliards, S. J. ; Pt. HI - Approximate Designs of Symmetri- 
cal Airfoils for Specified Pressvcre Distributions. C.P. No. 70, British A.R.C. - 
Pt. IV - The Design of Centre lines. C.P. No. 71, British A.R.C. - Pt. V - 
The Positions of Maximum Velocity and Theoretical Cj^ Ranges. C.P. Ho. 72, 

British A.R.C. - Goldstein, S., and Pieston, J. F,; Pt. VI - Aerofoils with 
Hinged Flaps. C.P. No. 73, British A.R.C. 

This series of reports presents a good development of both direct and Inverse 
two-dimensional airfoil theories. 

5. Richter, W. : Eindlmensionale statlooi^e Gleichdruckstromung in bewegten Systemen. 

Ing.-Archiv, Bd. XVI, Heft 5/6, 1948, pp. 422-445. (One -Dimensional Stationstry 
Flow at Constant Pressure in Moving Systems.) 

One -dimensional compressible flow la investigated along a curve in a plane, a 
cylindrical surface, and a surface of . revolution, with body force and constant static 
pressure. The plane can move with constant velocity in its own plane or can rotate 
about an axis perpendlciilar to the plane. The cylindrical surface can have motions 
parallel with its generator, and the surface of revolution can move along or rotate 
around its axis. All the problems are shown to reduce to linear motion in a plane; 
thus, the fluid paths (corresponding to "blade shape" in a compressor) can be calcu- 
lated. Analytical and graphical solutions are given. 
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6. Richter, Tf. : liber e±ne Formel fur GlelchdruchgeblMe . Ing. -Archly, Bd. X7II, 

Heft 1 / 2 , 1949. pp. 88-93. (On a Formula for Axial Flow Compressors with Uni- 
form Pressure . ) 

A one -dimensional analysis Is presented of the flow through a contpressor stage 
having constant static pressure through the rotor. Bae pressure Is maintained con- 
stant by providing suitable decrease of the free cross-sectional area through - hVip 
rotor. A relation Is derived between the blade tan^nt- and cross-sectional area 
that relates blade curvature and curvature of the liub or outer casing and results In 
information on possible combinations of hub or outer-casing configurations for given 
tangential turning. 

'Sob one -dimensional theory neglects the Influence of centrifugal forces on the 
flow due to curvature of the hub or casing, and also the effects of the tangential 
velocity components on radial distribution of velocity and static pressure. 

Ibis work follows survey 243. 

7. Vazsonyl, Andrew: On the AeTOdynaml c Design of Axial-Flow Compressors and Tur- 

bines. Jour. Appl. Mech., vol. 15, no. 1, Mar. 1948, pp. 53-64. 

A method for the theoretical flow of a perfect Incompressible fluid throu^ a 
cascade of arbitrary blades Is presented. Bie lift coefficient can be determined as 
a function of an^e of attack in 10 hovirs by a graphical procedure. By an extension 
of this mettiod, the pressure and Velocity distributions of a cascade of airfoils can 
be found for an entire range of solidities and staggers in approximately 60 man-hours. 

8. Meyer, Rudolph: A General Method for the Computation of the Compressible Flow in 

Turbo Machines of Prescribed Boundaries and Blades. Nav. Res. ProJ. 24748, 

Dept. Aero., U.S. Naval Postgraduate School (Annapolis), Feb. 1949. 

A general method is developed for computing the isentropic steady compressible 
flow with subsonic relative velocities throu^ stationary and rotating blade rows. 
Axlsymmetiic flow and thin blades are assumed, and the flow boundaries are coaxial 
surfaces of revolution. A graphical solution with use of successive approximationB 
is presented. 

The mathod, which is directed specifically toward solution of flows with large 
radial-velocity components, as in. centrifugal compressors, is intended to analyze 
the flows within the passeiges, not just at the inlet and exit sections. Using "tech- 
nically feasible” contours to find the flows (by use of meiidlonal streamline curva- 
tures) and indicating possible improvements of the blade shapes and contours are two 
of the objectives. 

9. Monroe, Gerald Morgan: A Study of Compressible Perfect Fluid Motion in Turbo- 

machines with Infinitely Many Blades. Ph.D. Thesis, C.I.T., 1951. 

Three-dimensional nonviscous bxrfc conipressible flow past an infinite number of 
blades of arbitrary shape is studied. Large axial- and radial- velocity components 
are admitted to be possible. The infinitely many blades are represented by a "pseudo- 
conservative" force field, which is expressed as the product of two functions. One 
function expresses the rate at whi.ch energy is imparted to the fluid; the other is 
a potential function for the family o£ equations for the blade surfaces. 

The idealized flow problem is formulated in terms of a stream function for veloc- 
ities in the meridional plane, and a nonlinear differential equation results. 33ie 
nonlinear action of rotational forces and compressibility effects is considered as a 
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force displacing the stream surfaces from their position in irrotational incompressi- 
ble flows. Ihe character of the differential eguations is determined by the rela- 
tive velocities when the blades are present, and the meridional velocities when 
blades are not present. Ihe solution is accoaplished by use of relaxation procedures 
and an iteration process. 

At trsmsonlc speeds a "cushioning effect" is found, where deflection of the 
streamlines is less than at either subsonic or supersonic speeds. This may explain 
in part the high efficiencies obtained for cborpressore with supersonic relative tip 
velocities. ----- - 

10. Reissner, Hans; Blade Systems of Circxilar Arrangement in Steeidy, Compressible 

Plow. Studies and Essays. R. Courant Anniversary Vol., Interscience Pub., Inc., 

1948, pp. 307-327. 

A solution is presented to the complete inverse (blade-design) problem, in which 
no blade shapes or wall geometry are specified in sidvance. Bie method provides a 
first step in extending the solution from the infinite to the finite number of blades 
by use of a power series in the clrcvimferential direction. ISie compression ratio, 
the form of the EilifoilB, and the flow around, the blades can be ^terndned if a pr^- 
scidbed variation of static pressure over every blade section and of the axial- 
velocity components along the machine axis is given. 

ISie infinite number of blades (axJ symmetric) solution la obtained first by quad- 
ratures for potential and nonpotential motion by use of Euler's contintrlty and energy 
equations. In the solution for finite number of blades with fixed spacing, it is 
first assimied that the streamline siurfaee halfway between the blades is the same os 
in the axisymmetric case. Corrective terms for the nonsymnetric flow within the space 
between two adjacent blades are expanded in a powenseries in y, the angular dis- 
tance from the streamline sxrrfaoes. Recurrence formuias for the corrective terms 
are derived. Kieae corajectlve terms are suSded to the uniform flow obtained in the 
solution for infinite number of blades. Bie solution is simple if only those terms 
are kept which are linear in +, thus corresponding to linear pressure variation 
across the passage. 

In the inverse problem for nonvlscous flows, where the blade shape is to be 
determined, it is necessary to prescribe the components of the force field or energy 
distribution so that the force field will be perpendicular to the family of possible 
blade surf ewes. UjIs condition, as was pointed out much earlier by Bauersfeld, is 
necessary to ensure existence of the family of surfaces (cf. survey 98). However, 
this condition is not satisfied in the present paper. 

11. Reissner, H. J., and Meyerhoff, L. ; Analysis of an Axial Compressor Stage with 

Infinitesimal and Finite Blade Spacing. NACA IN 2493, 1951. 

The analysis for axisymmetric Infinite number of blades is extended to a solu- 
tion for finite number of blades with fixed spacing, which reintroduces the deriva- 
tives with respect to the circumferential angle copidinate.. The isentropic axi- 
symmetrlc solution is taken as a first approximation. The effect of the blade system 
is replaced by a force field uniform In the circumferehtlal direction, as is stand- 
ard practice in this solution. The force field, in t\nna. is replaced for the finite- 
spacing case by Inertia and pressure terms, which are correction t.erms for the flow 
variables in the Eod. symmetric solution. 

In order to determine these correction terms, a series development is used for 
the velocity components and pressure functions in terms of powers of the spacing 
parameter i|f. One set of streamlines is assumed unchanged, that is, "frozen," and 
all the othCT streamlines must shift as the utdlform force field is removed. The 
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changes In the flow variable Sj made by the correction terms, are assumed small en migVi 
that the powers higher than the first and products of these terms, along with their 
derivatives, may be neglected. Equations of first, second, and higher order are ob- 
tained for velocity and pressure variations, and solutions are effected by means of 
an Iteration process. 

12. Eelssner, E. J., Meyerhoff, L., and Bloom, Martin: Two-ELmenslonal, Steady Non- 

vlscous and Viscous Conq>re8slble Flow Through a System of Equidistant Blades. 

HACA TN 2718, 1952. 

As In survey 11, the flow throii^ a cascade of blades with fixed spacing Is 
found. Here, however, the flow Is merely assumed nonvlscous instead of Isentroplc 
as In the previous report. The flow for the infinite number of close blades, in 
which the blade action Is esqpiessed by a continuous force field, miist be found. Then, 
the force field between the blades must be replaced by inertia and pressure terms that 
had previously been omitted. A mmierlceil example Is given for 90° turning. 

In an appendix, the viscous-flow case for blades with finite but narrow spacing 
Is presented. This method is a generalization of the procedure for both nonvlscous 
and Isentroplc flow. However, the boundary condition of closiire of the blade sur- 
faces at the leading and trailing edges is not satisfied. 

13. Vfu, Chung-Hua, and Brown, Curtis A.: A Theory of Direct and Inverse Problems of 

Cypres alble Plow Past Cascades of Arbitrary Airfoils. Jour. Aero. Scl., vol. 

19, no. 3, Mar. 1952, pp. 183-196. 

A unified approach to both the direct and inverse problems of compressible two- 
dimensional flow past a cascade of arbitrary airfoils is presented. The method Is 
based on the correspondence in shapes between ttLe blade mean line and the mean 
streamline In the channel and also on the observed close relation between variations 
In channel width and specific mass flow along the mean streamline. 

The inlet and exit angles, blade thickness distribution, and either a desired 
blade mean line or the mean streamline shape axe assumed known. The flow along the 
mean streamline Is determined from these, and the solution is extended In the pitch 
direction by a Taylor series expansion obtained from the equations of contlnidty and 
motion. 

In the inverse probliOT, the hlade houndaries are determined by considering the 
mass flow at the inlet and Interpreting the starting mean streamline as dividing the 
mass flow varlcxusly into two different pcjrtions. A number of profiles is thus ob- 
tained, and the profile with the best velocity distribution is chosen. 

In the direct problem, a quick approximate solution following a similar expan- 
sion process Is presented first. Successive corrections are applied for the shape 
of the flow path n.1 ong the mean streamline until the desired velocity distribution 
Is obtained. The process is described as quick and likely to be progressively 
speeded up as more famll1.es of airfoils are designed that provide addltionEil back- 
ground information. The method Is recommended as a good first approximation for 
more accurate solutions hy other longer methods. Examples calculated for turbine 
blades give favorable comparisons with experimental data. 

14. Wu, Chung-Hua, and Brown, Curtis A.: Ifethod of Analysis for Compressible Flow 

Past Arbitrary Turbomachine Blades on General Surfaces of Devolution. EACA 

TIE 2407, 1951. 

This one -dimensional analysis obtains a solution for the nonvlscous compressible 
flow past turbomachine blstdes on a general siirface of revolution. The analysis can 
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be used to obtsiin tbe shape of a mean streamline and the specific mass flow along it 
as a first step in a more complicated three-dimensional design procedure (see survey 
103) . 


The solution begin? with a stream surface of revolution known from an earlier 
analysis or an assumed shape. The equations of continuity and motion are combined 
into a nonlinear second-order differential equation in terms of a stream function 
defined for the flow. The differential equation is solved by difference methods. 

The use of fourth-degree Lagranglan polynondnals and differentiation coefficients 
(survey 22) is recommended. The particular numerieeLL procedures developed are used 
tecause the c h anges in the fluid properties passing throuf^i the turbomachine bleuies 
are, in general, large, and the shapes of the blades and surfaces are arbitrary. 

The methods of survey 22, which provide coefficients for differencing procedures for 
unequally spaced points, are \osed because of the curved boundaries. The large num- 
ber of points needed make advisable the eidoption of the hi gher -degree poDynomlnal 
representation for large-scale digital-machine solution, if available. TOie methods 
of^olution suggested and compared Include solutions by a matrix method with large- 
scale dlgital-maohlne computation and a relaxation method for hand-operated desk- 
machine ccnq)utations . 

For numerical examples, the detailed flow variations in a highly cambered thick 
turbine blade configuration are obtained, with the following results: (l) The mean 

streamline shape approximates that of the taean channel line but has lower curvature. 
( 2 ) Variation of the ratio of specific mass flow along the mean streamline to the 
inlet value follows roughly the variation of pitch to channel-width ratio. For the 
cases calculated, the blade curvat\are and thickness increased the specific mass flow 
along the mean streamline an average of 4 percent more than the area reduction due 
to blade -thickness effects. The influence of blade thickness extended a short dis- 
tance upstream and downstream of the channel. (3) Vaariations in fluid properties 
across the channel can be represented fairly accurately by second-degree functions, 
( 4 ) Cie velocity distributions obtained around the blade coapare well with experi- 
mental data. ( 5 ) Use of the method enables evaluation of a correction factor for 
bleide thickness (see survey 34). 

15 . Wu, Chung-Hua, and Brown, Curtis A. : A Method cjf Designing TurboiMichlne Blades 

with a Desirable Thickness Distribution for Compressible Flow Along an Arbitrary 

Stream Filament of Hevolutlon. HACA !CN 2455, 1951. 

A rapid solution is given of the blade-profile design problem for steady two- 
dimensional compressible nonvtscaus subsonic potential flow, given the inlet and 
exit angles and certain geometric Umltations, such as blade thickness. The report 
follows Betz, A., and FlUgge-Lotz, I.; Design of Centrifugal Impeller Blades, 

MCA IM 902, 1939, and extends the solution of survey 14 to more general flow sur- 
faces, taking into account the normal distances between tbe stream surfaces of revo- 
lution used. 

As in sTjrvey 14, the velocity conq>onents and density axe computed along an as- 
sumed mean streamline. , The power-series expansion in the circumferential direction 
is made. Derivatives in the series are determined from the fluid state along the 
mean stresimllne from the continuity equation, the equations of motion, and the 
density-velocity relation for isentropic flow. Assuming different nsan streamlines 
leads to different blade shapes. Boe rapid solutions were carried out by band- 
operated desk computing machines in 16 hotirs. Ube speed of the method enables a 
choice of blade designs based, for example, on the most desirable velocity distri- 
butions on the blades "Obtained. 
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The more general nature of the flow surfaces pennltted by this method enables 
use of the method for radial- and mixed-flow turbomachines, as well as for axial- 
flow cases. Some of the effects of three-dimensional flow can be accounted for in 
the design, because the variation in normal distance between the stream filaments 
of revolution is Included in the method. 

16. Wu, Chung -Hua, and Costilow, Eleanor L. : A Method of Solving the Direct and 

Inverse Problem of Supersonic Flow Along Arbitrary Stream Filaments of Revolu- 
tion in Turbomachines. NACA TN 2492, 1951. 

This method was developed to find, for supersonic relative velocities, (l) the 
shape of the mean stream surface dividing the mass flow between two blades into equal 
parts circumferentially, and (2) the correction factor b for blade thickness. 

These are used in conjunction with more elaborate flow theories for turbomachines 
(see survey 34). This method enables both the determination of the supersonic flow 
along stream surfaces of revolution for arbitrary blade shapes (the direct problem) 
and the design of such blades for prescribed velocity distribution or turning (the 
Inverse problem) . 

The steady nonviscous supersonic flow along a stream filament of revolution of 
varying thickness is described by combining the continuity equation and the equation 
of motion in the circumferential direction In terms of a stream function. The deriv- 
atives are evaluated, and the flow equations are expressed in difference form along 
the two families of characteristic curves. 

For the. direct problem, the blade-to-blade flow variations for a given arbitrary 
supersonic stream filament of revolution are analyzed by successive calculations be- 
tween the present calculation method and the through-flow solutions (see survey 34) 
until the solutions converge. The stream filament of revolution configuration is ob- 
tained from the through-flow solution. The shape of the mean stream surface and a 
blade thickness factor required for the through-flow calculations are provided to 
account for blade thickness and curvature effects. 

Several Illustrative exsnq)les are calculated. For the supersonic flows In 
nearly typical compressor configurations - that Is, high solidity and thin blades - 
the mean streamline had lower curvature than the mean channel line (as in the sub- 
sonic case) but conformed closely to It. For thicker lower-solidity blades, the 
deviation of the mean streamline from the mean channel line was greater. ’ The spe- 
cific mass flow along the mean streamline increased on the average 9 percent more 
than anticipated from a one-dimensional analysis based on area reduction due to blade 
thickness for both thin and thick blades. This increase is more than twice the value 
obtained for the subsonic case (survey 14). In an analysis of symmetrical nozzles 
with no turning, the specific mass flow along the mean streamline for supersonic flow 
increased 8 percent over that anticipated from the one-dimensional analysis . 

17. Wu, Chung -Hua, Brown, Curtis A., and Prien, Vasily D. ; An Approximate Method of 

Determining the Subsonic Flow in an Arbitrary Stream Filament of Revolution Cut 

by Arbitrary Turbomachine Blades. HACA TH 2702, 1952. 

As a first step in the more general three-dimensional compressor design theory 
(survey 103), a quick appix>xlmate solution for the subsonic nonviscous flow past 
arbitrary turbomachine blades on arbitrary surfaces of revolution is presented. It 
is an extension of the two-dimensional solution of survey 15 to arbitrary surfaces 
of revolution. The first part of the calculation proceeds exactly as In survey 15; 
that is, the fluid properties in the circumferential direction are obtained by a Tay- 
lor series expansion. At this point, with the blade shapes given, the mass flows be- 
tween the two blade svirfaces and the chosen streamline can be computed. The relative 
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percentageB of mass flow on either side of. the streamline are compared with known 
inlet conditions at various positions along the streamline, and the assumed shape of 
the streamline and the specific mass flow along it are adjusted. This process was 
conpleted In about 16 hours In several numerical exan 5 >les, and the results compared 
favorably with other numerical and experimental resiilts. 

18. Krajewski, Bohdan: Anallza przeptywu w kanatach sprezarek oslowych wlelostop- 

nlowych. Tech. Lotnicza, vol. 7, no. 2, Mar. /Apr. 1952, pp. 44-47. (Analysis 
of-Flow in Ducts of Multistage Axial Compressors.) 

Karma's method is described and applied to calculations of shapes and dimen- 
sions of ducts in multistage axial-flow cOnpressoTB/ ' ' _ 

19. Spannhake, W.; Vortex Theory of Flow Through Turbomachines. Ft. I - Infinite 

Number of Blades. Final Rep., Office Naval Res., Washington (D.C.). (Contract 
Nonr 322(00), Proj. Ho. 6008 and HUnpis Inst. Tech.) 

The axisymaetrlc theory of flow through conpressors with an infinite number of 
thin close blades is given using the bound vortex concept-and is extended to include 
compressible flows. Both analytical and graphical, methods of solution SLre Indicated, 
Eind illustrative exenples are discussed. 

20. Betz, A.; Energieumsetzung elastischer Case in Schaufelgittem. Forsch. Geb. 

Ing.-Wes., Bd. IS, Hr. 3, 1952, pp. 61-71. (Energy Conversion of Ccmpresslble 
Gases in Cascades.) 

A slnple graphical method is presented for calculating the changes in fluid 
properties for compressible flow tlurough straight or circuiar cascades. Curves for 
use in the solutions are presented for cases of f = 1.4 and y = 1.3. From these 
curves, limiting flow conditions are readily apparent. The method includes, approx- 
imately, the effects of nonparallel walls, blade thiclmesB and motion, fluid losses, 
and Internal temperature rise due to viscous action. 

21. Schwaar, P. ; Quelques Remarques sur Le Cslcul Aero-Thermodynamique de L'Aubage 

des Turbomachines Axiales. Bull. Tech, de la Suisse Romande, t. 78, no. 19, 
Sept. 20, 1952, pp. 245-251. (Some Remarks on the Aerothermodynamlc Calcula- 
tion of Blades in Axial Turbomachines.) 

In the later stages of a compressor the actual velocity profiles are likely to 
be quite different from the assumed velocity profiles, thus resulting in excessive 
losses. More conplete information is required about the fluid coming from a stator 
or a rotor for accurate blade-shape design for such conditions. A calculation method 
for axisymmetrlc flow bsused on thermodynamic relations is provided to account for 
rauilal distributions of energy and efficiency and for the radieG. displacement of the 
streamlines. 

The solution is obtained by an iteration process which is laborious but amenable 
to considerable simplification if the first trieG. shows the raidlal displacement to be 
small. 


According to the author, the polytroplc efficiency of turbines is lower than for 
compressors because the typical turbine design neglects radial displacement. 

22. Wu, Chung -Hua: Formulas and Tables of Coefficients for Numerical Differentiation 

with Function Values Given at Unequally Spaced Points and Application to Solu- 
tion of Partial DlfferentlaG. Equations. 2(ACA TN 2214j 1950. 
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Analyses of the flaws through typical turbomachine configurations often lead 
to relations expressed in partial differential equations. These equations may then 
he expressed In difference form, and the cocputatlons proceed numerically, for exam- 
ple, hy relaxation methods. The presence of the curved hound art es in the turho- 
machine configurations makes it irportant to find the derivatives of the functions 
near the houndaries in terms of the values of the functions at unequally spaced in- 
tervals. m. the present report, such general differentiation formulas are obtained 
for the successive derivatives of a function in terms of the values of the function 
at unequally spaced intervals. Lagrange's inteipolation formula, with error terms, 
is used for the function at n points to obtain expressions for the successive 
derivatives. In typical flow problems, the grid near a curved boundary may have 
unequally spaced points at only one end of the interval used. For these commonly 
occurring cases, tables of coefficients for the first four derivatives (for cases of 
n = 3, 4, 5) in the formulas are given for intervals of 0.01, and for different 
ratios of this end spacing to the others, varying from 0.1 to 1.29. 

The formulas and coefficients obtained can be used to give approximate values 
of the various derivatives at any point within a range of given arguments when the 
values of the function are given at a number of points unequally spaced. Thus, the 
formulas and coefficients are useful for the numerical integration of the partial- 
differential equations iriiere, for example, the starting value is given only on a 
curve unequally spaced from a regular grid line. They would also prove useful in 
changing an interval size during calculations. In the numerical solution of an 
elliptic partial-differential equation, these formulas and coefficients can be em- 
ployed to express the finite-difference terms for very small intervals more accu- 
rately and conveniently at points near a curved boundary, and to allow for increas- 
ing grid size away from the boundary. In this fashion, these coefficients help mahe 
the solution of such problems practical on large-scale digital computers. 

The formulas and coefficients are applied to the compressible flow past isolated 
and cascade airfoils as an example. 


B. SINGLE-STAGE AND MULTISTAGE COMPEESSORS 

23. Traupel, Walter (C. W. Smith, traus.): Hew General Theory of Multistage Axial 

Flow Turbomachines. Navshlps 250-445-1, Havy Dept., Washington (D.C.). 

This report is an early exposition of the axisymmetric-flow theory in turbo- 
machines. The first five chapters present a complete workable axlsyssnetrlc design 
theory for axial-flow conpressors and turbines, and the last chapter considers more 
general problems. 

The nonvlscous flow theory is presented for infinite number of blades with con- 
stant energy addition radially and with cylindrical walls. Eadlal force and other 
momentum terms are neglected. The measurements required for the calculation of stage 
performance and characteristics and coefficients for steady flow in the main stream 
are also discussed. Flow near the walls is not considered. Humerical exanples are 
given. The probl«a of calculating stage performance and characteristics on the basis 
of cascade tests is studied. The discussion considers the errors involved in calcu- 
lating the work output and efficiency of a stage on the basis of cascade tests as 
well as the errors involved in the assumption of nonviscous flow. Loss coefficients 
are developed and related to efficiency, which is expressed as a function of the 
drag-lift ratio, clearance losses, and wall losses. The design calculations are ex- 
tended to multistage tuibomachlnes, and numerical examples are provided. The three- 
dimensional effects, which arise as a resTilt of radial variation in blade shape, 
from inclined blades, and from compressible flow, are considered. 
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24. Paist, 0.; Application of the Cricuiatlon Met hods Us ed for Single Stage Axial 

Blovers to Multi-Stage Blowers. G.D.V. Hep. Ho. 4, RQ?p/tIB Trans. Ho. GDC 

16/ 1ST, British M.O.S. 

The single-stage theory of survey 1 la applied to multistage units. The occur- 
rence of-raidial velocities, the relations between stage and multistage efficiency, 
and the decrease in total efficiency as the pressure ratio incresises are discussed. 
The optimum value is found when the pressure rise is the same in irotor and stator. 

25. Peibst, 0.: Theoretlsche Vorarbeiten fur. die Entwlcklung von Achsialgeblasen mlt 

hoher Druckzlffer. GDV-BR-5, Focke-Wulf Flugzeugbau G.m.b.E., Aug. 1941. 

(Theoretical Preliminary Work for the Develcr^meht of High Pressure Axial Com- 
pressors. Trans. By Beech Aircraft Corp., 1947.) 

Equations are derived for pressure coefficients with efficiency and rotor-flov- 
stability as criteria. The calculations indicate Mach nuuiber effects on the obtedn- 
aible pressure rises. Axial-flow conpressor design is affected by three main factors: 
(1) Pressure rises are limited by the flow staibillty mainly becauise of the hub design 
conditions and the effects of stator reaction. ..(E) Rotor efficiency considerations 
limit pressure Increases. (3) Compressibility effects manifest themselves through 
the choice required of pressure coefficient and flow velocities^ 

26. Eckert, Bruno, and Group: Minutes of Axial Plow Compressor Meeting of 26 June 

on German Articles. Code 445A, Mavy Dept., Bur. Ships, Washington (D.C.), 

1946. 

Among the Items , covered are characteristic niimbers for compressor performance, 
nomenclature, losses, design bases, choice of stage pressure coefficients, influence 
of blade shape ’and camber, blade stagger and sh^e required for the velocity diagrams, 
use of cascade testa and single-stage tests for determining the preceding, stage 
matching, supersonic compressors, and correlations between the performance and design 
features of various German axial-flow compresBors. A summary of survey 23 and 
Welnig's flow theory are presented. 

27. Wattendorf, Prank L. ; Theory and Design of Axial Flow Fans or Compressors. 

Tech. Rep. No. 5155, Army Air Forces, Wright Field, Dayton (Ohio), Oct. 16, 

1944. (Notes taken by Hugh E. Gommel. ) 

A good review of blade-element theory and design development for perfect flow 
is presented, and axial-flow compressor problems and methods for Increasing compres- 
sor performance are discussed in detail. 

Blade-element theory is compared for compres^ble and incompressible flows for 
low-solidity blade rows, lesses and loss estimates .^e discussed in terms of . such 
factors as blade losses and profile drag, tip clearance, duct entrance losses, dif- 
fusion, and residuEil rotation. Stage presBure-rise;^^ number limltationB are 

considered, and the following means for increasing stage pressure rise are investi- 
gated: increasing the lift coefficient by means, for example, of boundary-layer 

control, slots, flaps, and so forth, and using higher speeds, higher inlet Mach num- 
bers, and closer spaced blades. 

The second portion of the report deals with higher-solidity cascades, including 
higher values of chord to spaujing than are possible to study by elementary airfoil 
analysis methods. The relations between pressure and mass -flow requirements of a 
system are discussed in terms of radial variations of pressure and flow coefficients, 
power characteristics, blade-shape design, surge points, oon^ressibility effects, and 
choking limits . ... 
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28. Wattendorf, Frarik L. : High-Speed Flow Through Cauibered Eotating Grids. Jour. 

Aero. Soi,^ vol. 15^ no. 4, Apr, 1948^ pp. 243-247, 

High-speed adiabatic conpresslhle flow through a cascade of rotating "blades is 
analysed in a one -dimensional approximation using average channel values. The over- 
all performance is investigated for several cases: (l) subsonic flow everywhere, 

(2) supersonic flow in downstream stator, (3) supersonic flow in rotor and stator but 
subsonic axial flow, ■ and (4) supersonic flow throughout. 

The results of the analysis indicate that large coE^presslon ratios are theoret- 
ically possible. By the use of highly cambered blades, the stage pressure ratio can 
be increased considerably, but probably at the e:^ense of reduced efficiencies, 

29. Wattendorf, Frank L.: Axial Compressors - Simplified Design Cocparlsons with 

Regard to High Mass Flow. AF Tech. Rep. No. 6042, U.S. Air Force, Air Materiel 

Command, Wrlght-Patterson Air Force Base Dayton (Ohio), Sept. 1950. (See also 

Jour. Aero. Scl., vol. 18, no. 7, July 1951, pp. 447-459.) 

The investigation arrives at design conditions permitting attainment of high 
mass flows. Four design types are conpared; (l) free-vortex distribution with posi- 
tive and negative prerotation, (2) rigid body velocity distribution with positive 
prerotation, (3) maximum constant rotor work with no prerotation specifications, and 
(4) nonconstant work radially. The inlet stage is the only stage considered, because 
it limits mass flow at design condition. The hub-tip radius ratio and ax1 n.1 Mach 
number effects on the mass flow and tenperature rise, with assumed limitations on the 
relative and absolute Mach numbers are discussed, as well as the relation of the stage 
pressure ratio and temperature rise for the various designs. 

The following results are obtained: (1) Free-vortex flow with positive prerota- 

tion design is not suitable for high mass flow and stage pressure ratioj (2) free- 
vortex flow distribution with negative prerotation is suitable for high mass flows 
but results in low stage pressure ratios^ (3) rigid body velocity distribution with 
positive prerotation yields hi^er pressure ratios than the free-vortex design for 
the \isual mass-flow range; and (4) the radially nonconstant work design is capable 
of providing high stage pressure ratios up to extremely hig^h mass -flow rates. 

30. Davis, Hunt: A Hew Method for the Aerodynamic Design of Miltistage Axial -Flow 

Compressors. Jour. Aero. Sci., vol. 15, no. 1, Jan. 1948, pp. 41-48. 

A graphical method described herein for the determination of blade angles for 
an axial-flow conpressor of free-vortex design utilizes the same rotor and stator 
forms for several successive stages by merely changing the spacing and the root 
stagger angle. The optimum inlet Mach number for the first stages of an axial-flow 
compressor of free-vortex design is derived and is related to the given inlet con- 
ditions, dimensions, and tip speeds. 

31. Howell, A. R. : Fluid Dynamics of Axial Conpressors . War Emergency Issue No. 12 

pub. by Inst. Mech. Eng. (London), 1945. (Reprinted in U.S. by A.S.M.E., Jan. 

1947, pp. 441-452.) 

A simple two-dimensional-fluid dynamic theory for low-speed flows in conpressor 
cascades Is based on two-dimensional wind-tunnel tests. Correction factors are ap- 
plied for losses and for mean stage conditions in compressors. The discussion in- 
cludes compression, efficiency, flow characteristics, and blade-element performance. 

A conpressor-performance analysis and a numerical example of stage performance are 
given. The three-dimensional effects that occ^^r in the two-dimensional-cascade 
tunnel are shown. 
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32. Emmons, Howard W., and Ball, George A.; The Present Status of Axial Flow Com- 

pressor Design. NAW-3662, Harvard Dniv., 1947. 

The actual flow through an axlal-co7i5)resBor is not ohtainahle from theoretical 
solutions, although theories may predict the flows fairly well at the design point. 

The theories generally fail to predict the performance of a new design over the en- 
tire performance range accurately. The report discusses the complexities of the 
flow through an axial-flow compressor and gives the results of certain Investigations 
and a chart of references. “ 

Four main topics are included in the first section. The first, ideal-fluid 
effects, considers various aspects of oon^pressiblllty effects and radial flows and 
their c^ses. The second, "boundary-layer effects, discusses "briefly the various 
loss coefficients used in design, the limited applicability of single airfoil and 
cascade tests, and the need for more detailed boundaiy-layer data from conqpressors 
themselves. The third main siibject is secondary flow, which is caused by blade tip 
leakage, relative motion between blade tips and casing, flow turning, and radial 
flow in blade boundary layers. The fourth real-flow cotupllcatlon discussed concems 
blade-row interaction effects, in particular, the timewise variation of the flow en- 
countered by a rotor blade downstream of a stator row. Flow velocity varies in "both 
magnitude and direction because of the stator-wake effects. 

33. Vfu, Chung-Hua, and Wolfensteln, Lincoln: Application of Radlal-Equlllbrlum Con- 

dition to Axial -Flow Conipressor and Turbine Design. NACA Rep, 955, 1950. 

(Supersedes NACA TN 1795.) 

In this first- of a series of reports dealing with increasingly inclusive and 
complex design procedures, the general equations for three-dimensional flow in axial- 
flow turbomaohlnes are derived in tenos of the velocity, total enthalpy, and entropy 
from the equation of state, the Naviei'-Stokes equations of motion for a real fluid, 
the energy equation, and -the continuity equation. These equations are combined into 
a series of general flow equations which are reduced for -the steady-flow axlsymmetrlc 
case by neglecting viscosity and by assuming all partial derivatives of the gas prop- 
erties, with respect to the circumferential direction and time, to be zero. The 
common assuiiq>tlon of-simplified radial equilibrium is not made in this report. 

The aneJ-ysis Indicates that six Independent relations are available among eight 
independent variables. The designer thus has two degrees of freedom at his disposal; 
that is, he can specify a desirable variation of two of -the gas properties. This is 
done, generally, at stations between the blade rows. Several types of compressors 
that can be obtained by different ways of using -these degrees of freedom are 
discussed. 

The assumption of axlsymmetrlc flow aversiges out circumferential variations of 
the fluid properties; thus, by not assuming slnrplified radial equilibrium, the solu- 
tions oh-tained emphasize -the effects of radial motion of the gases and the radial dis- 
tribution of the gas properties -through the turbomachine. No analytical, solutions 
are presented, "but several manerlcaJL methods of solution are suggested. One method, 
in particular, aiBsimies a sinusoidal radial-flow path between stations. 

The results of this analysis- indicate that the radial motion depends upon the 
blade aspect ratio, passage taper, hub-tip radius ratio, main flow velocity, and 
velocity diagram. The analysis gives useful information concerning the flow within 
the blade rows themselves, rather than the flows outside the blade rows. 

34. Wu, Ch\ing-Hua: General Through-Flow Theory of Fluid Flow -with Subsonic or Super- 

sonic Velocity in Turbomachines of Arbitrary Bib and Casing Shapes. NACA TN 

2302, 1951. 
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The general throuj^i-flow theory is an extension of survey 33. The line of in- 
vestigation can he traced from survey 23, concerning the inconrpresslble slmpllfled- 
radlal-equlllhrlum, axisymmetric-flov solution, to survey 33, concerning the com- 
pressible nonslmpllfied-radlal-eguilibrlijm flow solution, to survey 10, which 
presents a blade design solution for con^ressible flow with arbitrary hub and casing 
walls and finite spacing, to the present report. In this report a unified theory, 
for both the direct and Inverse problems, is developed for compressible subsonic or 
supersonic velocities with arbitrary hub and wall shapes with approximate correction 
factors for blade-thichness effects. 

The through-flow theory considers the flow along an arbitrary surface. A prin- 
cipal equation for this flow is developed from the continuity equation and the equa- 
tion of motion in the radial direction, and by iise of a stream function. (Retaining 
the blade force terms in the equations of motion partially accounts for the circum- 
ferential variations of pressure. ) Two main groups of designs are considered! (l) 
free vortex, wheel, synmetrlcal-velocity diagram types, and others, and (2) radial- 
blade-element- configurations such as high-speed centrifugal and mixed- flow inrpellers, 
and others. Numerical methods are presented for solving the principal equation for 
both the elliptic and hyperbolic cases, corresponding roughly to subsonic and super- 
sonic flows, respectively. 

An approximate blade-thiclmeaa factor can be Included in the definition of the 
stream function. Analyses of the blade-thiclmess effects on flow along the mean 
streamline are presented for subsonic eompresslble and incompressible flows in survey 
14 and for supersonic flows in survey 16. 

The throu^-flow solution (survey 34) can be considered as a limiting case for 
a more general three-dimensional solution, such as is presented in survey 103. It 
can be regarded as the solution for the flow along a man stream surface (called 
"Sg surface" in survey 103) dividing the mass flow between adjacent blades equally, 
when the circumferential variation of the velocity components approaches -zero. Thus, 
the through-flow solution indicates trends when the effects of having a finite num- 
ber of blades are small or constant. In this connection, the use of a blade- 
thickness factor, based on information about blade-thickness effects as obtained in 
surveys 14 emd 16, should improve the solutions considerably. 

35. Wu, Chung-Hua, Brown, Curtis A., and Costilow, Eleanor L.: Analysis of Flow in 

a Subsonic Mixed-Flow Impeller. NACA TN 2749, 1952. 

A through-flow analysis (survey 34) is made of three flow conditions through a 
high-solidity mixed-flow Impeller. Ete results are used to evaluate the usef ul n esa 
of the general method of through-flow analysis for turbomachines as well as the use- 
fulness of incompressible solutions. To do so, both the inoompressible and the com- 
pressible nonviscous -fluid flows through the Impeller are analyzed. The results of 
the analysis are presented as contour plots of a stream function, the velocity com- 
ponents, total enthalpy, static pressure, and Mach number. 

The results indicate that the general through -flow method can be useful in 
analyzing the mean flow through a turbomachine. The trend of flow variation was 
found to be similar for compressible and incojupresslble flow; therefore, the general 
trend of compressible-flow variations can be determined from an incompressible solu- 
tion. The variation trend of the theoretically determined static pressures along 
the casing agrees well with available experimental data. 
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36. Wu, Chung-Hua; Subsonic Flow of Air Through a Single-Stage and a Seven-Stage 

Compressor. KACA TN 2961, 1953. 

An axiBymm.etric-fl.QW analysis method which assumes a sinusoidal radial stream- 
line flow path throTigh a turhomachine hlada row is developed In survey 33. This 
analysis detennines the effects of radial flow displacement in addition to the ef- 
fects of flow -path cUT'^tTore radially on the radial distrlhution of- air state down- 
stream of a blade row. The through-flow analysis (survey 34) solves the flow for 
high-solidity thin blades and accbuhts for blade thickness effects. ' Survey 103 
extends the analysis to a three-dimensional solution for a finite number of thick 
blades. The usefulness of the method of assuming simple sinusoidal radial -flow paths 
is evaluated by comparisons with results obtained from the through-flow and three- 
dimensional ansilyses. The solutions are made for the steady nonviscous compressible 
flow for both low- and high-speed subsonic flow through a single- and a seven-stage 
comcpressor designed for a symmetrical velocity diagram at all radii. The solutions 
were obtained by relaxation procedures, and some were checked further by matrix 
methods . - - 

The axial- velocity distributions obtained by the more elaborate solutions agreed 
well with the simpler approximate solution assuming sinusoidal radial-flow paths. 

The analysis resulted in other conclusions, as follows: (l) The radially increasing 

angular momentum of the fluid particles for this design type and the curved hub and 
wall contours have a predominating influence on the flow distribution.- Sizable 
radial flows are generated." (2) Compressibility does not greatly change the shapes 
of the streamlines but does affect the velocity components. (3) A small amount of 
radial twist in this type of blading has a negligible effect on the flow distribu- 
tion. (4) The air in this case has a generally inward radial movement through the 
guide vanes and the first rotor. The movement Is outward in the first stator. (5) 
This oscillatory radial flow throughout the compressor has a period equal to the 
length of the stage. (6) The oscillatory radial flows are largest in the inlet 
stages . Assuming simple sinusoidal radial-flow paths Is superior to ordinary 
slmplified-radlal-equllihrlum solutions (see survey 104). 

37. Bowen, John T., Sahersky, Rolf H., and Rannle, W. Duncan: Theoretical and Ex- 

perimental Investigations of Axial Flow Compressors, Pt, I. Mech. Eng. Lab., 

C.I.T., Jan, 1949. (Navy Con-bract N6-0RI-102, Task Order IV.) 

This report, which is the first in a series (surveys 167, 201, and 65) of in- 
vestigations of axial-flow turbomachines, develops a new theory of perfect fluid 
flow in axial turhomachines in a form useful for design purposes. This axlsymmetric 
flow -theory, in which the exit -flow angle is used as a basic parameter, uses a new 
linearizing method to simplify the flow equations. Methods are suggested for taking 
advantage of unconventional blading in order to obtain increases in flow rate over 
that with conventional blading. 

Axlsymmetric flow and cylindrical or nearly cylindrical bounding walls are eis- 
sumed, and radial force- terms and other momentiim terms are neglected. Equations 
are derived for the distribution of axial velocity through the stators and rotors at 
design and off=deslgn conditions. 

In this approach, the streamlines are designed to shift radially toward the hub 
as they near the rotor. Therefore, the relative velocity decreases at the rotor tip 
and increases at the hub, thus reducing both the tip Mach numbers and the deflection 
angle at the huh. Consequently, the rotor tip speed can be raised or the huh-tip 
radius ratio can be decreased- to give a larger' jannulus ^ea. It is estimated that 
an over-all 40- to 5Q-percent increase in flow rate can be achieved in this way. 
However, the flows can no longer be considered by means of two-dimensional theories. 
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Vortex blading for two-dimensional flows is compared with solid-body rotation 
and other types of blading to determine the effects of radial variation of circula- 
tion. Even for vortex- type bladlngj off -design conditions lead to large changes in 
axi6Q.-veloclty distribution. 

An experimental compMssor was designed and built according to this theory but 
for very low flow Mach numbers and tip speeds. The absolute value of the exit angle 
agrees experimentally with Constant's rule (survey 134). Boundary- layer calculations 
for loss on two-dimensional cascades are made and compared with losses measured on 
similar sections in the connpressor-stator row. The relation between inlet and exit 
angles is almost Identical for sections of the compressor blading and experimental 
data taken from corresponding two-dimensional cascades^ except near stall. TTlgb 
losses are noted in the end-wall boundary-layer region. The blade profiles should 
be adapted to the wall boundary layer. 

In general, tests on the experimental con^ressor designed by the method indi- 
cate close agreement between theory and experiment at low flow rates and low tip 
speeds. 

38. Gazarin, Adel: Graphlsche Behandlung der kompressiblen und inkompressiblen 

Strofflung durch Turbomaschinenstufen. Ziarlch, 1951. (Graphical Treatment of 

Compressible and Incompressible Flow Through Turbomachine Stages.) 

A graphical method for solving the system of equations for axlsymmetric Isen- 
tropic flow between blade rows is presented. This method uses a modified radial - 
equilibrium condition that ignores the curvature of the meridional streamlines. 

The radial variations of velocity and density in the gap between blade rows are ob- 
tained, from which the stage characteristics and the shapes and locations of the 
meridional streamlines are determined. These streamlines aare found to have periodic 
wave shapes, with period equal to length of stage. 

Pour kinds of stages are examined in detail; (l) constant nuass flow per unit 
area in planes between blade rows and behind the stage, (2) untwisted blades, (3) 
blades twisted for solid-body flow, and (4) constant reaction radially. Remarks on 
the Influence of viscosity, secondary flows, radial boundary-layer flow, tip- 
clearance flow, and blade geometry are given. 

39. Geimer, Robert G., and Cardinal, Saviour, Jr.: Development of a System of Si- 

multaneous Equations for Axial-Flow Compressor Design Based on Ideal Vortex 

Theory. B.A.E. Thesis, Rensselaer Polytechnic Inst., 1951. 

A derivation of a syst«n, of simultaneous equations is proposed as a basis for 
a simplified method of axial -flow-con®ressor deslgpi by ideal vortex theory. The 
simultaneous equations are classified into two groups: one to use in the design of 

the inlet guide vanes and the first stage, the second to design the other stages. 

No solution is obtained because of the complexity of the equations, but a procedure 
for a first approximation is suggested. 

40. Seyler, D. R., and Wilson, C. B.: A Design of a Single Stage, Low Speed, Axial- 

Flow Compressor. B.A.E. Thesis, Rensselaer Polytechnic Inst., 1951. 

Design and performance 6f a low-speed single-stage axial-flow conqireesor are 
analyzed, based on free-vortex flow theory. The axial velocity was kept constant 
and the blading was designed by airfoil theory. The compressor was designed for 
the purpose of investigating the secondary flows resulting from shed vortices. 
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41. Van Allen, Richard I.: A Study of an Analytical System for the Design of an 

Axial-Flcw Coinpressor. Using Slnniltaneous Equations, B.A.E. Thesis, Rensselaer 

Polytechnic Inst., 1952. ' ' 

Following survey 39 the results of a system for the design of an axial -flow com- 
pressor by means of sets of simultaneous equations are presented. These equations 
take into account the effects of friction and conqiresslbiilty on the flow through 
the compressor. That the flow paths of the gM can be maintained as predicted by 
the equations, by altering the blade angle settings In such fashion as to overcome 
the effects of losses. Is a fundamental assumption in the design system. Several 
methods for solution of the equations stre given. 

42. Jarre, Gianni; Contpressori asslali a vortice libero. Monografle Scl. dl Aero., 

Nr. 12, Sept. 1952". (Axial -Flow Compressors with Free Vortex.) 

The motion of the fluid In a multistage congpressor Is studied in order to 
establish the relations among the velocity field of the fluid, the force field Im- 
posed by the blading, and the physical characteristics of the fluid. The rigorous 
derivation of the aerodynamic equations assmaes nonviscous axl symmetric flow. The 
conditions characterizing free-vortex axial -flow congpressors are deduced. A mathe- 
matical and numerical investigation of this family of compressors is given, and 
degrees of action and reaction, and effects of viscosity, compressibility, and me- 
chanical loads are examined. 

The design of the first stages, the characteristics of multistage and periodic 
compressors (conqjressors in which the flow at each stage exit has velocities equal 
in magnitude and direction to those at the compressor inlet), the conditions for 
maximum efficiency and performance, and the aerodynamic characteristics of the fluid 
are investigated. Numerical examples are provided. 

43. Smith, L. H., Jr.: The Design of a Subsonic Multistage Axial-Plow Compressor 

for Maximum Power Per Stage. M.S. Thesis, The Johns Hopkins Univ., 1951. 

Design equations for the steady compressible nonviscous axlsymmetrlc flow of a 
fluid through a multistage compressor are derived. A general discussion of the fac- 
tors limiting the power output of a stage is followed by an analysis determining 
velocity dlstrihutions and diagrams for a multistage congpreBBor that will maximize 
the power output of the first stage (for incompressible ^1^ for a given tijp 

diameter and maximum flow Manh number relative to the blades, ^erotatlon and non- 
uniform energy addition radially are found necessary. (Relative efficiencies of 
various possible types of blade loading are not considered here.) More energy is 
added nearer the tip than the hub in the first stage In order to keep the axial - 
velocity distrihution reasonable. This can be corrected in subsequent stages so 
that the final discharge flow is more nearly uniform. 

The solutions thus far constitute a first appiexlmation. Graphical techniques 
are employed for a second approximation agreeing closely with the first despite the 
presence of large energy gradients and highly rotational flow. While losses due to 
rotationallty of the fluid are not likely to be severe, the large fluid turning 
angles encountered in the later stages of this design, together with sizable velocity 
decreases, may lead to- flow separation. 

44. Traiigott, 3. C.: A Two-Stage Axial-Flow Compressor with Nonuniform Energy Addi- 

tion Per Stage. M.S. Thesis, The Johns Hopkins Uhiv., 1951. 
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The compressor prohTem of maximizing mass flow or Totor pressure, or hoth, is 
formulated. Considerations of restricting local relative velocity levels to the sub- 
sonic range and maintaining radial equilibrium lead to a design with nonuniform 
energy addition. The author's purpose is to express ^d solve the equations describ- 
ing the two-dimensional approximations to the three-dimensional flow in forms sxiita- 
ble for design. 

The flow is assumed steady and nonviscous, with negligible compressibility ef- 
fects. The curvature of the streamlines is considered negligible at the stations 
of the investigation, and the radial distance between the streamlines is considered 
constant. While the flow is thus assumed on cylindrical, stream surfaces upstream 
and downstream of the blade rows, the radii of these surfaces of revolution are not 
necessarily equal. The equations for the flow are developed and applied to the de- 
sign of a two-stage compressor having prerotation other than the usual free-vortex 
or wheel types and nonuniform energy addition in the rotors, in an effort to increase 
the compressor output above standard design. Two independent parameters are to be 
chosen initially; the prerotation and blade tip speed are used. 

The conclusions reached are as follows: High pressure ratios with high mass 

flows can be achieved for con^ressors by considering the variations of axial velocity. 
For a two-stage cong>ressor good through-flow was actually achieved at high pressure 
ratios . For the particular design under discussion, an increase in tip speed would . 
result in lees throu^-flow, larger blade-turning angles, and greater variation of 
axial velocity from hizb to tip but with some increase in power output. These re- 
sults, obtained by a graphical solution, are not general. The effects of streamline 
curvature in the radial plane are indicated. 

45. Smith, L. H., Jr., Traugott, S. C., and Wisllcenus, G. F. ; A Practical Solution 

of a Three-Dimensional Flow Problem of Axial -Flow Turbomachinery. Trans. 

A.S.M.E., vol. 75, no. 5, July 1953, p<p. 789-803. 

A design method is presented for obtaining a compressor which, with given Mach 
number limitations, will produce the maximum delivery pressure with maximum mass- 
flow rate possible. The method actually determines the meridional flow patterns 
through turbomachines with nearly free-vortex flow for axisymmetrlc frictionless 
flow. The computational procedure is also presented. 

The development of the theory provldeB a clear physical picture of the internal 
workings of an axial -flow turbomachine, in the opinion of the reviewers, and serves 
as the forerunner of a series of investigations (e.g., surveys 235 and 236). 

46. Novak, R. A.; Notes on the Fundamentals of the Design of Multi-Stage Axial Com- 

piressors. Lecture No. 6, Gas Turbine Lectures, Dept. Mech. and Ind. Eng., 

Univ. Mich., June 29-July 10, 1953. 

A broad general discussion of the over-all design of axial-flow compressors, 
touching upjon nearly an aspects of the field with the exception of secondary flows, 
is presented. An attempt is made to reduce complicated derivations to a minimum and 
to present a clear physical picture that will enable the designer to use his judgment 
skillfully where necessary. The main topics considered include ideal two-dimensional- 
flow theories, blade-element theory, equilibrium conditions, sample vector-diagram 
calculations, determination of the geometry and performance of a cascade theoretically 
and seml-emplrically, Mach nunber and Reynolds number effects, effects of design 
variables and operating conditions on performance, rotating stall, blade end clear- 
ance, multistage-conpressor performance, stage-stacking techniques, and over-all de- 
sign p>rocedure for a multistage compressor. 
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C. EFFECTS OF STREAMLINE CURVATURE AND RADIAL VARIATION OF CIRCULATION 


47. Eckert and Korbacher; The Flow Through Axial Turbine Stages of Large RsdlsJ. 

Length. NACA OM 1118, 1947. 

The analysis concerns uniform, nonvlscous, axlsymmetric flow with zero whirl 
at the inlet on cylindrical siirfaces. Sin 5 )le radial equilibrium is likewise asswed. 
The flow through the blading is affected by spanwise varia-M-ons of pressure, impor- 
tant for long blades. A theoretical method Is developed for deteraining -lli^ ef fects 
of the pressure variation and centrifugal effects due to the whirl component of the 
flow in both twisted and untwisted rotor and stator blading. Experimentally obtained 
results on untwisted blades with 30° and 45^ discharge angles conflnn the calcula- 
tions. The calculations of vorticity distribution in the fluid lead to a discussion 
of traiiling-edge vortices shed from blades with a non-free-vortex circulation dis- 
tribution radially. The flow deflects toward the axis in nontwisted stator blades' 
and deflects toward the outer casing in nontwisted rotor blades. 


48. Tsien, Hsue-Shen; Loss in Ccanpressor or Turbine Due to Twisted Blades. CIS 

Jour., 1947, pp'. 40-53. 

Radial flows in and behind a rotating wheel result from centrifugal forces and 
radial pressure gradients and can have undesirable effects on the blade boundary 
layers. To avoid these difficulties, a twist is sooietiittes designed into the^nwvlng 
blades or into the flow leaving the guide vanes. The resulting nonuniform force and 
clrcxilatlon distributions along the blades lead to induced velocities, which rotate 
the flow around the blades and change the effective, angle of attsick. Thus, it is 
impossible to— calculate the actual lift from the geometrical angle of attack. The 
result is reduced correspondence between the actual and design performance, associ- 
ated reduced pressure rises, and so forth • 

A method for calculating these effects is presented. A general blade equation 
is developed for the relation between the geometric configuration and the aerodynamic 
behavior of low-cambered blades of nearly constant chord, spacing, and lift-curve 
slope radially for two-dimensional nonviscous flow. An extension to nonuniform flow 
is presented in survey 237. 


49. Marble, Frank E.; The Flow of a Perfect Fluid Through an Axial -Flow Turbomachine 
with Prescribed Blade Loading. Jour. Aero. Sol., vol. 15, no. 8, Aug. 1948, 
pp. 473-485. 

The mathematical aspects of the problems associated with spanwise variations in 
circulation are stated. Even for nonviscous Incompressible axlsymmetric flow, the 
flow solution is simple only for the vortex distribution of the tangential velocity 
component, that is, constant circulation spanwise. For this condition, there are'no 
radial or axial disturbances, and the flow can be considered two dimensional in the 
sense that the. streamlines all lie on cylindrical surfaces. When there is varying 
circulation spanwise, the streamlines no longer follow cylindrical surfaces. Accord- 
ing to Prandtl's theory, vortices trail from the blades with their vorticity vectors 
pointing downstream in the flow direction. The eqmtions for this flow are now non- 
linear nonhomogeneous partial-differential equations. Nevertheless, it is still 
possible to calculate . the difference between the axial- veloc ity profiles far upstream 
and far downstream by neglecting the radial transport of vorticity, or by assuming ' 
the flow at those stations has negligible radial components (cylindrical walls, see 
survey 37 ) . The problem of the velocity distributions near the blade rows is con- 
sidered (complementary to survey 33, which considers the” flow paths within the blade 
rows). The differential -flow equation is linearized by assuming that there is no 
self-transport of the vorticity, which is transported only hy the mean velocity. 
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This le eqalvalent to considering disturbances In. the radial- and axial- velocity com- 
ponents small compared with the mean avtn.1 velocity. It Is further assumed there Is 
no Inner- or outer-shroud taper (cf . survey 10, which solves the complete Inverse 
problem of arbitrary walls and blades but allows no vorticity to be shed) . The solu- 
tions are found for the radial-, tangential-, and axial- velocity components Induced by 
a single rotating or stationary blade row with finite chord and any prescribed blade 
loading. The solutions to this linearized equation provide an approximation to the 
velocity field for any blade-loading distribution, and are lihely to be useful for 
moderate-turning hlgh-solldlty configurations, that Is, when self -transport of vor- 
ticity may be negligible. 

When the blade chord approaches zero (actuator-disk theory) the linearized 
partial-differential equation becomes homogeneous and can be solved much more readily 
and directly using the given boundary conditions. This is equivalent to assuming a 
discontinuity in the tangential— velocity conqxjnent at some sxlal location. Suitably 
choosing this location enables this direct solution to be a reasonable approximation 
to the more nearly exact and more arduous solution for the case of nonzero blade 
chord. The direct solution does not provide a reasonable approximation for operation 
near the lifting line. 

In both the zero- and nonzero-chord oases, the linearized-flow equations make 
it possible to obtain solutions for multistage turbomachines by superposition of In- 
dividual blade-row solutions. Simple methods of approximating the flow through a 
tiirbomachine are developed from exponential approximations for the velocity com- 
ponent distributions. These results were quick enough and accurate enough to be 
useful In estimating interference effects of adjacent blade rows. 

An Illustrative example is calculated for a hub-tip radius ratio of 0.6, aspect 
ratio of 2.0, and increasing circulation from hub to tip. Disturbances associated 
with stationary blades attain their maximum downstream of the blade midchord posii 
tlon. Those associated with rotating blade rows attain their maximum upstream of 
the blade midchord position. 

50. Marble, Frank E.: Some Problems Concerning the Three-Dimensional Flow In Axial 

Turbomachines. Preprint No. 182, Inst. Aero. Scl., 1949. 

The rapid exponential approximations to the linearized-flow solution developed 
by siirvey 49 are applied to the Investigation of the streamline-curvature effects 
(caused by radial motion) on the radial distribution of the fluid near a stationary 
or rotating blade row. The manner of transition from the far upstream to the far 
downstream velocity profile Is examined. A solution is obtained for the entire flow 
field for a compressor with cylindrical walls, solid-body rotation out of the Inlet 
guide vanes, and similar successive stages with constant energy addition radially 
in each. The radial, adjustment ranges from nearly complete at the trailing edges 
of blades of aspect ratio 1.0 to almost negligible at the trailing edges of blades 
of aspect ratio 5.0. 

These results are applied to two In^ortant compressor problems: (1) the mutual 

Interference of nel^boring blade rows in multistage axial -flow machines, and (2) 
the three -dlmenfllonal flow effects at off -design operating conditiona. For blade 
aspect ratios near 1.0, Interference effects between adjacent blade rows are negli- 
gible, and distortion of the axial— velocity profile at off -design operation Is small. 
The effects of off -design operation may Increase considerably with Increasing blade 
aspect ratio. At aspect ratios over 3.0, the interference, effects may become pre- 
dominant flow factors. 



20 


HACA RM E55HU 


51. Legendre, RoLert; RemEtrqiij.es DlrerseB sur L'Bncoulement dans les Turbtsmachines 

a Circulation Varisible. Assoc. Tech. Maritime et Aeronautlqjie (Paris), 1950. 

(Some Remarks on the Plow in Turhomachlnes with Variahle Circulation. ) 

Considerahle theoretical difficulties associated with calculating the flow 
through an axial -^flow con 5 >ressor with circulation varying radlelly are discussed 
(see survey 49). A suggestion is made for an airproach using Preuidtl's theory for 
circulation shout an airfoil of finite aspect ratio. 

52. Pinnes, R. W.: The Theoretical Possibilities ..for Balanced Flow in Coq^pressor 

and Turbine Design. Paper No. 50-A-66, A.S.M.B., 1950. 

Large amounts of blade twist are required in free-vortex-design compressors. 

This constitutes a- serious manufacturing and stress problem. The Mach number limit- 
ations are likewise restrictive. Other velocity dls-trlbutlons are Investigated in 
am effort to achieve peak efficiencies tinder practical operating conditions. 

The theoretical investigation concerns nonviscous axlsymmetrlc isentrople flows 
with no radial velocity or curvature and with constant total ener^ radially. A 
family of generalized halanced flows is investigated for which the whirl velocity la 
considered to vary as some power of the radius. The Study of the theoretical range 
of operation of these flows reveals that only free-vortex flow can be maintained 
over an entire operating range. The other flows can be maintained only under certain 
limiting conditions when it is desired to obtain equal work radially and yet avoid 
critical ranges. For example, solid-body rotation has a limited range. Starting 
with solid-body rotation at the rotor inlet and extracting equal work radially re- 
sults in nonsolid-hody rotation at the rotor exit, ibe succee'Shg ^s thfen have 

to restore the flow to solid distribution for the next rotor inlet. This process 
soon produces critical velocities. - 

A "Balanced Plow. Chart", is constructed which showB__the range of halanced flows 
theoretically possible for any given set of operating clihditioiiB In axial -flow 
machinery. 


D. TIME-UNSTEALX PLCW EFFECTS 

53. Keller, C.; Kinetic Energy Losses Behind Blade Grids as a Result of Periodlc_ 

Variation in the Circulation. Rep. Inst. Aero., Tech. Hochschule (Zurich), 

1934, pp. 167-187, (Available as R.T.P. Trans. Ho. IS83, British, M.A.P. ) 

The kinetic energy trainsferred to the vortex wake due to periodic veurlatlons 
in circulation is calculated for several airfoil .configurations. These calculations 
assume two-dimensional potentlail flows and assumed the variation in circulation to be 
sinusoidal In amplitude with time. The reaulta indicate that the kinetic energy 
transferred to the wakes is found proportloneLl to. the square of the amplitude of ttie 
circulation variation. . This result is obtained for isolated airfoils, for eilrfollB 
in cascade staggered as well as unstaggered, and for rotating blsdes in lightly 
loaded turbine stages. 

54. von Ksorman, Theodore, and Tsien, Hsue-8hen; Llftlng-Llne Theory for a Wing in 

Non-Uniform Flow. Quart. Appl. Math., vol. Ill, no. 1, Apr. 1945, pp. 1-11, 

A general linearized theory is developed for a wing subjected to notruniform in- 
let flow. General expressioiw of the induced velocity and drag are presented that 
are applicable, to congpressor blades with little camb^. 
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55. von Karman, Th., and Sears ^ W. R.: Airfoil Theory for Non-Uniform. Motion. 

Jour. Aero. Sci., vol. 5, no. 10, Aug. 1938, pp. 379-390. 

The fundamental concepts of the two-dimensional circulation theory of airfoils 
are presented. Timewise variation of the circulation around an airfoil Is shown to 
produce a "wake of vortlclty, ” for >rtiich Induced vortlclty distrlhutlons over a thin 
airfoil are presented. Formulas ar« obtained for the lift and moment of the thin 
airfoil with timewlse-variahle circulation. The lift is seen to consist of the sum 
of three parts: (l) Quasi-steady lift Lq, representing the lift that would he pro- 

duced if the Instantaneous velocity and angle of attack were steady; (2) Ii]_, repre- 
senting the forces acting on a body In an ideal fluid when no circulation is produced 
because of the reaction of the acceleiated fluid masses; and (3) Lg, representing 

the contributions to the lift from the wake itself. A corresponding formulation is 
obtained for the moment. 

These general results are employed to study an oscillating airfoil and an air- 
foil entering a vertical gust. The lift always acts at the quarter-chord point of 
the airfoil. 

56. Sears, William R. : Some Aspects of Non-Stationary Airfoil Theory and Its 

Practical Application. Jour. Aero. Scl., vol. 8, no. 3, Jan. 1941, pp. 104-108. 

The general expressions for lift and moment developed in survey 55 are applied 
to a thin airfoil in a series of alternating up and down gusts sinusoidally distri- 
buted. The magnitude of the lift decreases as the frequency of the gusts Increases. 

A wind-tunnel fan blade operating downstream of a set of vanes is Investigated. The 
vanes produce regular disturhances through which the fan blades pass periodically, 
giving rise to periodical forces and, thus, perhaps to dangerous vihrations. An 
approximate calculation, however, revealed no dangerously large vibration amplitudes. 

57. Kemp, Nelson H. , and Sears, W. R.; Aerodynamic Interference Between Moving Blade 

Rows. Jour. Aero. Scl., vol. 20, no. 9, Sept. 1953, pp. 585-597. 

The results for an airfoil moving through a stationary gust pattern obtained In 
survey 56 are extended to provide formulas for calculating the time-unsteady effects 
for a single stator row followed hy a single rotor row. The Incompressihle non- 
viscous two-dimensional flow past a cascade of thin slightly-cambered lightly loaxLed 
blades is studied. Each airfoil is considered to he in a velocity field Induced by 
(l) its own wake, (2) the variable hound vortices of other blades in its own blade 
row, (3) tbelr wakes, (4) the hound vortices of blades in the other row, and (5) 
their wakes. A scheme of successive appTOxlraatlonB is set up. However, any calcu- 
lations beyond the first would he extremely difficult. 

Numerical investigations were made for the first approximation on configurations 
of thin low-tumlng airfoils with rotor and stator solidities of 1.0, with a 50- 
percent reaction stage, and with 45° stagger angles. The calculations showed large 
Increases of the unsteady lift aa the gap between the blade rows narrowed. The ratio 
of the pitch of rotor blades to the pitch of the stator blades affected the unsteady 
lift appreciably. For one case, the unsteady lift was found to he 18 percent of the 
steady lift. The power in the vortex wakes, expressed as a ratio of the energy 
transferred into the wakes per unit time to the steady power required to turn the 
rotor, was small. 

The energy in the stator wake for the case calculated was about 100 times as 
large as the energy in the rotor wake. According to the results of survey 53, the 
unsteady circulation on the stator blades is about 10 times that on the rotor blades. 
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58. Kemp, Nelson H., add Seaxs, W. R.; Aerodynamic Interference Betveen Moving 

Blade Rows. Graduat'* School Aero. Eng., Cornell Unlv., Dec. 1, 1952. (Contract 

AF 33(038) -21406. } 

Much the same material appears here as In survey 57. A different numerical ex- 
ample Is calculated in which the chordwlse-veloclty dlstrlhution on the stator and 
rotor are quite different. The induced circulation on a hlade row due to the rela- 
tive motion of an adjacent row downstream is greater than that due to an adjacent 
row upstream. 

59. Abe, Shun-ichl; On. the Mutual Interference Between the Impeller and the Guide 

Vane of Axial Flow Pumps or Fans. Rep. of Inst. High Speed Mech., Sendai 

(Japan), vol. 4, no. 38, Mar. 1951. “ 

Theoretical calculations are presented on the effects of mutual interference. 

The flow through the Iprpeller and guide vahes is assumed to be similar to the poten- 
tial flow between e^l valent streets of vortex .sheets, one movln*g and the other 
stationary. The equivalent street of vortex sheets for a blade row is chosen on the 
basis of-havlng the same values of zero-lift angle, coefficient of lift, and moment 
coefficient as the corresponding blade elements. 

The results of the calculations Indicate that the lift on the blades varies 
periodically because of mutual Interference. The amplitudes of the variations in- 
crease as the gap between the rows decreases (see sxirvey 57). 

60. Bulloch, Robert 0., Wilcox, Ward W., and Moses, Jason J.: Experimental and 

Theoretical Studies of Surging in Continuous-Flow Compressors. NACA Rep. 861, 

1946. (Supersedes NACA TN 1213.) 

Surging, a periodic-pulsating flow occurring when the slope of the character- 
istic curve is positive, limits the operating range of compressors at low flow rates . 
Surging has been investigated extensively in an effort to determine its causes and 
control in order to extend the surge-free operating range of compressors. 

An experimental investigation was conducted on a centrifugal conpressor using 
a differential-pressure recorder to estimate the magnitude and frequency of surging 
pressure pulsations as functions of the volume of the coinpressor system and the 
lagjeller tip speed. . An analysis of surging in an assumed simplified configuration 
Indicates how the flow instability may arise in a compresBor and how it may be 
inhibited. 

In the experimental studies on a first test unit, the outlet throttle was 
gradually closed until surging occurred. Inlet ^d cutlet total -pres sure traces 
were recorded during the process as were the inlet and outlet velocity pressures 
(differential between total and static pressure) and the outlet static pressure. 

In reversing the procedure, it weus necessary to open the outlet throttle beyond the 
point of the surging onset In order to stop it .(see survey 61, root-to-tlp stall). 
This overlap, called a hysteresis effect, was quite large under certain conditions. 

In a second unit, surging occurred at Iqvf volume .n.ow8 as in the first test^ 
and also at two points of relatively high volume flow (see survey 61, progressive 
propagating stall). The pulsatlonB at the higher flow values were not so violent 
as those limiting the low-flow range of the second test. In each case, however," 
the slope of the characteristics curve was positive when surging occurred. 

The third unit, which was constructed to enclose a minlmuiii volume, used nine 
different combinations of inlet and outlet conditions.. The lowest frequency and 
most violent pressure fluctuations occurr^ when the external pipes enclosed the 
largest volume. This result agrees with previous worh by other investigators. 
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The simplified analysis presents an expression for a useful stahlllty criterion 
S in terms of the inlet acoustical velocity, inlet effective area, length and vol- 
ume, and the slope of hoth the throttle and compressor characteristic curves. On 
the hasls of this formulation, a physical Interpretation of surging is developed. 
Compressibility effects Increase the tendency toward unstable operation. 

Several methods of inhibiting surge, such as variable-angle prerotation vanes, 
flow recirculation, and decreasing the capacity of the external piping in relation 
to the compressor capacity are discussed. 

61. Huppert, Merle C., and Benser, William A.; Some Stall and Surge Bhenomena in 

Axial-Flow Compressors. Jour. Aero. Scl., vol. 20, no. 12, Dec. 1953, pp. 

835-645. 

The authors are concerned mainly with defining carefully the problems of stall 
and surge in conq?ressors. Stall and surge are recognized as operation-limiting 
phenomena at low-flow values and low speeds (see survey 60) that limit the engine 
acceleration rates, the operational flexibility in the use of adjustable jet nozzles 
or other thirust-augmentatlon devices at Intermediate compressor speeds, and the 
operation of an engine at high thrust for greater-than-design equivalent speeds. 

The stall of a multistage compressor results from stall of one or more stages. Low- 
speed stall is associated with flow breakdown in the inlet stages. At speeds near 
design values, stall of a multistage compressor is associated with difficulties en- 
countered in the rear stages. 

The use of high-frequency-response instiumentation such as hot-wire anemometers 
and pressure transducers show stage stall to be an unsteady- flow phenomenon. Zones 
or sectors of the annulus have very low mass flows through them compared with the 
remainder of the annulus. These zones of low flow rotate circumferentially about 
the compressor axis in the same direction as the rotor, but at lower speeds. The 
number of the stall zones was not predictable on the ba^is of compressor geometry. 

Two types of single-stage stall are recognized. One_is progressive stage stall, 
in which multiple stall zones originate at the blade ends and extend over a portion 
of the hlade span. These stall zones can be obtained, as before, by closing the 
outlet throttle to reduce the flow rate. As the flow is reduced beyond the first 
appearance of the propagating stalls, the individual stall zones enlarge. Sudden 
Increases in stall-zone numbers may occur with continued flow reduction, and the 
spanwise extent of the stalls may also Increase. The behavior of progressive rotat- 
ing stall leads to a graduel drop in the pressure coefficient. 

The other type of stall encountered is root-to-tip stall in which the stall 
zone extends over the entire blade span, usually in stages with high huh -tip radius 
ratio. Only one root-to-tip stall at a time was observed. The onset of root-to- 
tip stall results in a sharp drop in pressure ratio. The hysteresis effect noted 
hy survey 60 was found here as well. 

Stages with low hub-tip radius ratio with progressive stalls are associated 
with stages with high hub-tip radius ratio with root-to-tip stalls. Intermediate 
stages first develop progressive stalls, which change to root-to-tip stalls accom- 
panied by sharp pressure drops and hysteresis effects. 

Single-stage stall is necessary but not sufficient for over-all multistage- 
congiressor stall. Progreaslve propagating-stall patterns originating in the early 
stages may extend axially almost through the entire congiressor and still not 
drastically affect the pressure coefficient of the compressor if the Intermediate 
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and rear stages are operating veil above their stall values. A stage -stacking anal- 
ysis is developed enabling cooiputation of the operating characteristics of a multi- 
stage compressor from knovledge of the individual stage characteristics. This stage- 
stacking analysis is applied to a hypothetical compressor. The study was sible to 
demonstrate which stage was responsible for the flow discontinuity due to root-to- 
tlp steQ.1 at three rotor speeds. At the low speeds the discontinuities result from 
disturbances in the inlet stages^ and at high speeds the rear stages are the sources 
of the disturbances. Interactions between individual stage effects may further dete- 
riorate the over-all compressor perform^ca ch^acteristics. For example, progre^ 
sive stall in the early stages may sufficiently disturb the over-all flow picture 
sufficiently to cause early root-to-tip ststll in the intermediate stages. StEge 
interactions could very well lead to root-to-tip stall in the inlet stages, causing 
kinks in the over-all conpressor stall-limit line. These phenomena definitely limit 
the range of eon?)ressor operation, whether or not they induce compressor surge. 

Two types of— compressor surge are shown to exist: (1) the classical type (see 

survey 60) due to classical system instabilities, and (2) the limit-cycle surge due 
to discontinuities in the pressure-ratio flow characteristic of the compressor. The 
authors are careful to point out the differences in surge and stall characteristics 
between cotrpressors in jet engines and in typical test configurations. 

62. Ehnmons, H. W., Pearson, C. E., and Grant, H. P.; Compressor Surge and Stall 

Propagation. Trans. A.S.M.E., vol. 77, no. 4, May 1955, pp. 455-467. 

The importance of understanding and controlling surge in relation to the prob- 
lems of starting and rapidly accelerating a jet engine have led to this hot-wire- 
anemometer investigation. Two distinct surge pherwmena Inthe low flow range are_ 
reported. One is a self-excited Helmholtz organ-pipe resonance, and the other Is a 
blade-row flow instability, self -propagating from blade to blade. At low speeds, 
these two kinds of disturbances are separated by a stable range of operation (see 
survey 60). At higher speeds, they spread progressively, until, at high enough 
speeds, they overlap. 

The general mechanism of the propagatlng-stall type of disturbance is described 
as in survey 61. Basic equations are developed, relating the rate of pressure change 
with mass flow leading to an expression for pulsation frequency. The over-all anal- 
ysis relates the propagation rate and stall behavior to loss effects in the blade row, 
expressed in terms of an effective flow area eaefflcieait a, which is proportioneQ. to 
the ratio of an effective flow area (sufficient to pass the exit weight flows with no 
losses present) to the exit area. The propagation rate Is thus related to houndary- 
layer growth parameters and thereby is found pro^r^loh^ to wheel speed. (See 
aurvey 66 for a discussion of the asmnnp-hicmB involved here.) 

63. Sears, W. R.: On Asymmetric Flow in an Axial-Flow Compressor Stage. Jour. Appl. 

Mech., vol. 20, no. 3, Sept. 1953, pp. 442-443. 

Asymmetric flows ca.n occur in congiressor configurations when the blades are 
operating close to stall conditions and a time 1^ occurs in developing lift. (See 
survey 65, on the suitability of this mechanism for propagating a disturbance pro- 
posed here.) The conditions necessary for asymmetric flow are analyzed theoretically. 
For a steady uniform stream with an infinite number of blades of large radius and 
small chord (i.e., actTiator-disk analysis), the rotational flow effects due to vor- 
tices shed hy, the blades are inrportant for asymmetric flows. The velocities induced 
by the asymmetric loading are calculated. Moreover, it is found that these induced 
effects can support the circulation distribution that gives rise to them. 
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A simple relation established "beWeen the clrcamiferentlal circulation distribu- 
tion and the Induced velocities at the disk is evaluated for assumed sinusoidal 
distributions . 

64. Sears, W. R. ; A Theory of "Rotating Stall" in Axial-Flow Con^ressors . Graduate 

School Aero. Eng., Cornell Unlv., Ithaca (M.Y.). (Contract AF 33(038) -21406. ) 

This theoretical. Investigation Is an extension and generalization of survey 63. 
The atirfoil approach of the earlier work is adopted here, hut the restriction to 
small inlet swirl relative to the rotating flow pattern is removed. Assuming the 
proper time lag required to establish a separated boundary layer, steadily rotating 
asymmetric flow patterns can be obtained which rotate in the same direction as the 
Inlet swirl, but at lower speeds than do the blades. The theory Indicates the possi- 
bilities of the pattern rotation opposite to the direction of blade rotation. No 
solutions are obtained for zero time lag. 

A second approach Incorporates the viscous profile drag effects by assuming two 
empirical r»bpnneT relations based on experimental observations, namely, that the dis- 
charge flow angle and the dimensionless total -pressure rise are functions only of the 
entering angle. For this approach, Eisyimiietrle rotating flow patterns can exist with 
or without time lag. 

While these steadily rotating self-supporting rotating-stall patterns exist only 
in special circumstances of blade geometry and aerodynamics, little advice can be 
given In how to avoid these circumstances. 

65. lura, T., and Rannie, W. D.: Observations of Propagating Stall In Axial -Flow 

Compressors. Rep. No. 4, Mech. Eng. Lab., C.I.T., Apr. 1953. (Navy Contract 

N6-QRI-102, Task Order 4.) 

A series of experimental Investigations of stall phenomena were made In a three- 
stage free-vortex blading conpressor, a one-stage free-vortex blading compressor, and 
a one-stage solid-body bladlr^ compressor. The results of careful measurements of 
stalling In these compressors are reported. Two principal types of stall, partial 
and full, were observed (corresponding to progressive and root-to-tip stall, respec- 
tively, in survey 61). 

Partial-stall (progressive-stall) characteristics are as foUcws: (l) One or 

more stalled regions may be present. The stalled regions extend over only part of 
the blade span but cover more than one blade passage and may be at either blade hub 
or tip, depending on the configuration. (2) Transition into partial-stall conditions 
occurs when, the outlet throttle is closed b^rond the maximum exit pressure. Continued 
closing of the throttle (decrease of flow coefficient) results in either increasing 
the number of stall regions propagating at the same spe^ as before, regrouping of 
regions into a larger partial-stall regions propagating at a lower speed (see survey 
67, in 'vrtilch speed Increases with stall region size), or regrouping Into a single 
full-stall (root-to-tlp) region. Partial stall with continued decrease of flow coef- 
ficient causes a steady gradual decline in pressure. Transition to full stall is 
accompanied by a sudden sharp drop in exit pressure. (3) Partial stall occurs at 
higher flow coefficients than full stall, propagates at higher speed, and has a maxi- 
mum ratio of velocity-fluctuation amplitude to mean velocity of 0.6 to 0.65 as com- 
pared with about 0.7 for full stall. 

Full-stall (root-to-tip stall) characteristics are as follows: (l) Only one 

stalled region is present, and it extends over the full blade span and covers more 
than one passage. (2) Transition into full stall occurs as the flow coefficient is 
decreased (by closing exit throttle, e.g.) beyond a certain point. Continued decrease 
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In flov coefficient enlargee the full stall (retarded- flow) region. The propagatlng- 
stall speed varies with solidity hut not with a decrease In flow coefficient. To 
relieve the full-stall condition hy opening the throttle. It is necessary to open 
the throttle heyond the point where full sta3-l first occurred (l.e., hysteresis 
effect Is noted) , Transition to full stall Is characterized hy a sudden sharp drop 
In exit pressure. (3) Full-stall propagating speed is lower than partial-stall 
pTOpagating speed (hut In same direction) and occurs at lower flow coefficients. At 
a given flow coefficient the full-stall region is widest at the same radial position 
where partial stall is widest for that particular configuration. 

The discussion of the experimental results points out that the characteristic 
time bases for estimating propagatlng-stall speed hy various investigators (surveys 
66 Eind 63) are believed to depend upon the time required for the estahllshment of a 
separated boundary layer when an airfoil is subjected to a sudden change in angle of 
attack. The comparative constancy of fuU-sta3J. propagating speed over a wide flow 
range, obtained experimentally in this report, does not support this view. A char- 
acteristic time, depending upon the Inertia of the flow rather than upon the detailed 
nature of the flow, is suggested in survey 67. 

The actual total -pressure loss due to stall in a coiipressor cascade was small 
and nearly constant for a range of incidence angles of 8° to 10°. Outside this 
range, the total -pressure losses rise rapidly. This total -pressure-loss variation 
is the most markedly nonlinear flow characteristic observed, and the amplitude of 
the stall fluctuations that appeared seemed to be typical of nonllnesu* oscillations. 
Therefore, the toteOL-pressure-loas variation is an important factor in determining 
the stall-fluctuation amplitudes. 

It was not positive]^. established whether the rotor or stator was primarily 
responsible for stall. Layge aerodynamic blade excitations can arise as a result 
of stall, and it is posMbl^ that blade failures could result from partial stall 
(more likely than at full-'&tall conditions). The effects of stalls extend far up- 
stream and downstream of the blade row of their occurrence. A discussion of stall- 
ing and the characteristic hysteresis loops involved in going from stalled to un- 
stalled and back to stalled: conditions leads to a tentative suggestion that surging 
may involve an oscillation between two stall patterns. 

66, Marble, Frank E,: Frppagation of Stall in a Compressor Blade Row. Tech. Rep. 

No. 4, GALCIT, Jan. 1954. (Office Bel. Res., Air Res. and Dev. Command Contract 

AF 13(600)-178. ) • ' 

Stall propagation in a blade row using a two-dimensional small-perturbation 
theory and assuming no interference from adjacent blade rows is discussed. Blade 
spacing and blade chord are not critical quantities determining the stall propagation, 
and therefore the two-dlmen^onal cascade is further simplified by replacing it with 
an actuator line. Given the inlet flow etngle and the local turning angle for the 
unstalled cascade, the local static-pressure rise and outlet angle are known in the 
absence of losses. Thus, for given turning, assigning a different static-pressure 
rise at a given inlet angle is equivalent to assigning a particular total -pressure 
loss at the value of inlet angle. In a sinqilified model, the static-pressure rise 
is assumed zero in a stalled region. The results of the theoretical analysis of 
this model indicate that the propagation rate of the stalled region is determined by 
the relative inlet flow angle to the cascade and is independent of the flow turning. 
From a plot of- the relative speed of stall propagation against inlet angle, it is 
observed that the propagation speed in this simple cascade configuration is least 
sensitive to variations of relative inlet flow angles near the value it/4. As this 
is a common value of inlet flow, angle, this result for the simplified case agrees 
well with observed behavior of the relative constancy of propagating-stall speed as 
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a compressor is throttled. The most influential factor determining the extent of 
the stalled region is the cascade static-pressure rise. 

For a somewhat less simplified case, in which the pressure rise and discharge 
angle are now dependent upon the inlet angle near stall (respectively zero and in- 
dependent in the first sin^lified case), the speed of propagation is found to he a 
function of the inlet and discharge angles. However, the inlet flow angle is still 
the predominant factor. The CEiscade static-pressure rise is still the Important 
factor determining the extent of the stalled region, 
oi 

TO The effects of propagating stall in the performance of a single congpressor stage 

are also discussed. The compressor performance is evaluated in terms of flow and 
pressure coefficients. Specifying these coefficients is equivalent to specifying 
the relative inlet and discharge angles in conformity with the procedures in the rest 
of the report. One result obtained is that the pressure loss due to stall is pro- 
portional to the stalled fraction of the circumference. The performance of a hypo- 
thetical compressor is con^ted, and qualitative agreement with experimental 1 y ob- 
served behavior is obtained. 

67. Stennlng, Alan H. : Stall Propagation in a Cascade of Airfoils. Jour. Aero. 

Sci., vol. 21, no. 10, Oct, 1954, pp. 711-713. 

The mechanism in cascade flow that controls stall -propagation speed and the 
size of stall regions is investigated. Three factors are considered; the inertia 
of the fluid both outside the cascade and Inside the passage, and the response time 
for the establishment of a separated boundary layer when subjected to change in 
angle of attack. A linearized one-dimensional perturbation aaslysis leads to several 
Interesting conclusions. The speed of stall propagation increases with the size of 
the stall region (cf. observations in survey 65) and depends mainly on the inertia 
characteristics of the fluid approaching the cascade (the pressure changes downstream 
of a cascade are much smaller than upstream) and between the blades. The boundary- 
layer response time factor decreases the speed of propagation but its effect is not 
as large as that of the over-all inertia. The boundary-layer analysis indicates 
that stall-region size and propagation depend on the inlet angle (see survey 61). 

68. Smith, A. G., and Fletcher, P. J.; Observations on the Surging of Various Low- 
Speed Fans and Compressors. Memo. Ho. M.219, British H.G.T.E., July 1954. 

A series of observations of stall and surge phenomena in centrifugal - and axial- 
flow compressors is reported and analyzed briefly. Results and conclusions of in- 
vestigations using wool tufts and pitot pressure tubes are presented. Only those 
findings that are different from the results of Investigations of surveys 61 to 67 
are recorded here. 

Only one band of rotating reverae-flow region, which rotates at a speed of 0.30 
to 0.50 of rotor speed in the majority of cases, is noted. 3n one case, a type of 
surge was observed which Involved uniform backflow at the rotor tips all around the 
periphery. By considering a couipressor as multiple compressors in parallel, a hys- 
teresis effect and operating characteristic similar to observed findings can be pre- 
dicted. A tentative theory for the rotating surge discussed here leads to calcula- 
tions of propagation speeds based on inertia effects of the fluid in the diffuser 
channels. According to this theory, surge frequency should decrease as the number 
and length of the channels (solidity) goes up. This theory does not apply to axial- 
flow fans, but it is speculated that there the propagation rate would probably de- 
crease with smaller pressure drops due to the surging. 
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69. Sears, William E., and Chu, Wen-Hvfa; Some Aerodynamic ProlileinB of CompresBors 
and Turbines. Lecture Ser. No. 30, met. for Fluid Dynamics and Appl. Mech., 
Univ. Maryland, Nov. 1953. 

Three meijor internal -flow problems of turbomachinery are analyzed: (l) inter- 

ference between moving blade rows, (2) progressive rotating BtEill as a consistent 
solution of synmetrie flows, and (3) airfoil characteristics after stall. 

An Einalysis of interference effects for a two -dljnens lonEil nonvisoous incompres- 
sible flow is developed as an iterative process, following the work of survey 57. 

One result is that the unsteady forces can be aa large as 15 percent of the steady 
lift, which may lead to blade vibration problems. The circulation induced on a given 
blade row by the relative motion of a downstream row is greater than that induced by 
an upstream row. 

Two-dimensional actuator-line theory was applied to an analysis of rotating 
stall. The flow upstream of the actuator line was irrotatlonal. Results indicate 
that special combinations of blade characteristics and geometry must exist in order 
for steady rotating patterns to be present. 


E. COMPRESSlBrLITy AND MACH NUMBER EFFECTS 

70. Perl, W. , and Epstein, H. T. ; Some Effects of Con^iresslbllity on the Flow through 
Fans and Turbines. NACA Rep. 842, 1946. (Supersedes MACA ARR E5G03.) 

A theoretical analysis applies the laws of conservation of mass, momentum, and 
energy to a study of compressible honviscoua flow through a two-dimensional cascade 
of airfoils. A fundamental i-elatiou is derived between the upstream and downstream 
flow angles X-j_ and X 2 , respectively, inlet Mach number Mj^, and pressure ratio 

Po/pt across the cascade: 


cos X^ /] 

^4 4 - " 


r=i ■ 

cos Xg “ 

" 1 / Y (r-DMi^ 



This result is presented graphically in a series of curves and compared with the 
incompressible-flow relations to demonstrate the compressibility effects for compres- 
sor or turbine cascades. The plots reveal two ranges of flow angles and an inlet 
Mach number for which no ideal pressure ratio exists^ in certain other flow-angle 
ranges two possible pressure ratios are predicted for given inlet Mach numbers. 

The effects of variable axial -flow area are treated. In the range of Mach num- 
bers less than 0.4 in eucial-flow congiressors, the relations for compressible and in- 
compressible flow both give nearly the same results. Some implications of the basic 
conservation laws are discussed for nonideal flow through cascades. 

71. Traupel, ¥.: Kompresslble Strcsnung durch Turblnen. Schwelzer Archlv f. 

Angewandte Wiss. und Tech., Jahrg, 16, Heft 5, May 1950, pp. 129-138; Jahrg. 

16, Nr. 6, June 1950, pp. 176-186. (CpoipreBslble Flow Through Turbines.) 

A theory is developed for the mathematical analysis of frictionless Isentropic 
flow through axial-flow turbines and compressors when compress Ihility effects are 
large. The radlei-equilibrlum condition Is anad-yzed, and it is concluded that the 
radial distribution of density determines the magnitude of campressihlllty effects. 
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72. Liebleln, Seymour, and SandercOck, Donald M. ; Comgpresslbillty Correction for 

Turning Angles of Axial -Flow Inlet Guide Vanes. NACA TH 2215, 1950. 

The Prandtl-Glauert compressibility collection for isolated airfoils is extended 
to accelerating cascades with axial air inlet and moderate blade cambers and solidity. 
The total lift coefficient of the cascade is considered as the sum of two parts; (1) 
the coefficient of lift associated with constant airspeed across the cascade, and (2) 
the coefficient of lift associated with the change of speed across the cascade. As a 
result, the variations of lift coefficient and turning angle with inlet Mach number 
at a given angle of attack etre obtained analytically for two-dimensional flow. The 
results are then adapted for annular flows. 

Some experimental data are presented to demonstrate the agreement achieved. 

The turning angles derived from the two-dimensional flow analysis are corrected to 
constant axial velocity across the cascade; consequently, the theoretical variation 
of corrected turning angles up to 29° and for axial-velocity increases up to 20 per- 
cent across the vanes is in agreement with exp>erimental turning-angle data from in- 
vestigations of several axial -flow-compressor inlet -guide- vane designs in. annular 
cEiscades. Thus, generalized blade-elanent compressibility corrections are presented 
for use in the design and anal 3 rsis of axl a1 -flow-compressor guide vanes. 

73. Slnnette, John T., Jr., Costello, George R., and Cummings, Robert L. : Expres- 

sions for Measiiring the Accuracy of Approximate Solutions to Compressible Flow 

Qlirough Cascades of Blades with Examples of Use. RACA TN 2501, 1951. 

Pour error expressions are derived as Integral relations based on the condition 
of Irrotatlonallty and on the laws of conservation of mass and momentum. These inte- 
gral expressions, necessary conditions for steady Irrotational compressible flow 
through a straight cascade of blades, are (l) the ratio of the difference between up- 
stream and downstream mass flow to t^stream mass flow, (2) the ratios of the differ- 
ences between momenttim changes in two directions (calculated from blade surface pres- 
sure distributions and upstream velocity vectors) to resultant blade force, and (3) 
the ratio of the circulation aixrund a simply connected region to circulation around 
an airfoil. The error expressions are applied to tests for the compatibility and 
accuracy of three different types of approximate solutions for compressible flows 
through the cascade. These approximations are incompressible potential solutions, 
the Prandtl-Glauert approximation as adapted to cascades, and an approximation based 
on an assumed linear pressure-volume relation as applied to cascades. Pressiures and 
densities are also obtained for comparison from the exact Bernoulli equation and 
pressure-density relation. 

The compatibility expressions are used to compare the preceding approximate 
solutions and to meaaiare the over-ell degree of approximation achieved by each. The 
results indicate that the accuracy of the Inconpres Bible potential-flow approximation 
decreases with rising Mach numbers. The inaccuracies Involved in the process of ob- 
taining the Incompressible solution are insignificant compared with the inaccuracy 
of the Incompressible approximation itself for Mach numbers of the order of 0.8. 

The Prandtl-Glauert approximation results in errors of about the same magnitude 
as the incompressible approximation when used with a linearized velocity relation. 
Much inqjroved answers result when the exact velocity relation is used. 

The linear pressure-volume-relatlon approximation gives much more accurate re- 
sults than either the Prandtl-Glauert or the incompressible potential-flow approxi- 
mations. The errors of approximation apparently are only slightly greater than the 
errors involved in the calculations, such as rounding off numbers, integration ap- 
proximations, and so forth. 
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F. VISCCUS FLOWS;, BOUKDARY LAYERS, AHD LOSSES 

74. Wu, Chung -Hua: Sxirvey of Avallahle Information on Internal Flow Losses Through. 

Axial Turhomachines . NACA RM E50J13, 1950. 

The available information on internal-flow losses in axial-flow compressors and 
turbines is briefly surveyed, and both the present state of knowledge and the direc- 
tion of probable future research on reduction of these losses eire discussed. 

75. Squire, H. B., and Young, A. D.: The Calculation of the Profile Brag of Aero- 

foils. R&MNo. 1838, British A. R.C., Nov. 1937. 

The drag on an isolated airfoil in two -dimension^ incon^iressible flow is cal- 
culated for a range of Reynolds numbers for several airfoil thiclmesees on the bcisls 
of the pressure distributions about the airfoil computed by means of potential -flow 
analyses . 

The boundary layer on the airfoil is assumed to be laminar from the leading edge 
back to an assumed transition point and is considered tiirbulent restrward from that 
point. In the laminar layer, the skin friction and boundary-layer thickness near the 
leading edge are computed by Pohlhausen* s method. The ttirbulent boundary-layer prop- 
erties are computed using the Preuidtl theory together with the experimental results 
of Nikuyadse and Burl. For the wake, it is assumed that the momentum thickness at 
the trailing edge is equal to the sum of the momentum thicknesses of the boundary 
layers of the upper and lower surfaces near the trailing edge. The static pressure 
is assumed constant in the wake to permit the use of the boundary-layer equations. 
Comparison of calculated results with experiment is fairly satisfactory. 

76. Weske, J. R.: Brag of Airfoils in Grids of Bigh Solidity. Jour. Aero. Sci., 

vol. 11, no. 4, Oct. 1944, pp. 369-372. 

The drag on NACA 0012 symmetrical airfoils is anal^ed for a cascade at zero 
stagger and zero lift. The results indicate that the profile drag is composed of two 
component parts; (l) the drag produced by' the hdrm^ pressures" (e.g., the displace- 
ment of the main flow by the boundary layer), which was found to be small at high 
Reynolds numbers, and (2) the drag produced by skin friction. Causes of profile dreg 
which arise in the wakes are of particular concern. The dreg coefficient is conputed 
in terms of momentum thickness eis in survey 75. For these airfoils, the transition 
point in the grids is located accurately at the point of tnaitiniiitn thickness of the . 
eirfoils. Data are obtained by an ejperlmental investigation to enable integration 
of the momentum equation. 

Three major conclusions are reached: (l) The drag of high-solidity ed.rfolls 

can be calculated fairly well from the mooientum equation for a turbulent boundary 
layer by assuming a constant mean value for a coefficient of skin friction. (2) The 
momentum transfer of the wake in a field of adverse statlc-press\ire gradients gives 
rise to losses much larger than for individual airfoils. This effect Is significant 
only for very high solidities. (3) Displacement of the flow was observed from the 
blade ends toward the midspan, especially at high solidities (celled Jet contraction 
elsewhere) and produces separation at the blade ends while the flow at the midspan 
adheres. At high solidities, the result is considered to Increase the drag beyond 
that predicted solely on the basis of profile drag. 

77. Loltsianskli, L. G.: Resistance of Cascade of Airfoils in a Gas Stream at-Sub- 

sonic Velocity. NACA OM 1303, 1951. 
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The drag of airfoils in cascade Is theoretically calculated as Interactions 
among the boundary layers of the individual blades. This method is based on a slight 
flov nonhomogeneity in the section of the aerodynamic vake where the boundary layers 
of the individual blades merge. To congnite this method, exact expressions in terms 
of total load loss, circulation, and free-stream velocity are set tip for the reac- 
tions on the cascade in viscous Inconpressible flow. The assumption that the veloc- 
ity is nearly uniform at the downstream station where the wakes merge leads to an 
ea^ression for totri-pressure loss and reaction normal to the cascade axis as func- 
tions of the boundary-layer momentum thickness at that station. This result is then 
related to the momentum thickness at the blade trailing edges. 

Thus, for a given pressure distribution on the profile, the momentum thickness 
and an estimate of the cascade reaction can be made. 

78. Schlichtlng, H., and Scholz, N.: ifber die theoretlsche Berechung der 

Stroraungsverluste eines ebenen Schaufelgitters. Ing.-Archiv, Bd. XIX, Heft. 1, 

1951, pp. 4:2-65. (On the Theoretical Calculation of Plow Losses of a Plane 

Cascade of Airfoils.) 

Potential -flow solutions are used to determine the pressure and velocity dis- 
tributions about the airfoils in two-dimensional cascades, from which the boundary 
layers on the blade surfaces can be determined by boundary-layer theory. Using zero- 
thickness profiles, the changes in exit-flow direction. caused by the boundary layers 
can then be confuted. Lose coefficients are found for eight different cascades, but 
no comparisons are made with experimental results. 

79. Stephenson, J. M. : Efficiency and Drag of an Axial -Flow Compressor Stage. Air- 

craft Eng., vol. XXV, no. 292, June 1353, pp. 158-160. 

The efficiency concepts frequently used in axial-flow-conpressor design are 
reviewed. The relations axe discussed between the various efficiencies defined, such 
as polytropic, Isentropic, and cascade or blade efficiencies. The stage efficiency 
is expressed in terms of blade force and profile drag from considerations of the 
moment of momentum and the energy equations. The results can then be compounded for a 
complete stage. A mi^it figure for cascades in terms of a dimensionless force coef- 
ficient in the tangential direction and the profile drag coefficient is proposed. 

An interesting discussion deals with the effects of errors in the profile shape 
produced on the efficiency. An overly thick blade trailing edge has little effect 
on the efficiency but causes the profile drag to Increase. A blunted leading edge 
likewise has little effect on the design efficiency but does result in an abbreviated 
flow range before stall occurs. Sharp curvatures and ridges lead to a similar re- 
sult. Surface roughness, if less than the boundary-layer thickness, has no effect. 
Reynolds' number effects on the efficiency are reviewed briefly, and shed vortices 
and tip-clearance eddies and their effects are described. 

80. Goldstein, Arthur W., and Mager, Artur: Attainable Circulation about Airfoils 

in Cascade. KACA Rep. 953, 19^. (Supersedes HACA TH 1941.) 

A method is presented for determining the minlTmiTu required cascade solidity for 
a given turning. This method is developed for calculating the pitch-chord ratio and 
surf ace-velocity distribution consistent with specifications on profile thickness, 
maximum surface velocity, Reynolds number, inlet Eind outlet flow velocities and 
angles, suction-surface diffusion avoiding separation, and traillng-edge loading. 

The analysis is based on boundary-layer data obtained on isolated airfoils and ap- 
proximate bo\mdary-layer theory in two-dimensional incon^iresslble flow. Both laminar 
and turbulent boundary layers are considered. Numerical exantples are given, and re- 
sults are compared with experiment. 



32 


KACA EM E55H11 


81. Mager, Artur, Maiioiiey, John J., and Budlngerr, Ray E. : Dlscufislon of jaoundary- 

Layer Cbaxacteriatics Hear the Wall of an Axial -Flow Con®res_sor. ITACA Rep. 

1085, 1952. (Supersedes RACA ^ E51H07.) 

The houndary-layer velocity profiles on the casing of an axial-flow conrpressor 
behind the guide vanes and rotor are measured by means of total -pressure and claw- 
type probes. It is assumed that the probes read the correct mean value of the flow 
in the presence of-disturbances due to turbulence and blade rotation. The boundary- 
layer flow is resolved. Into two con^nents, along the main flow streamlines and per- 
pendicular to them. 

A sln^llfied analysis of the boundary-layer flow is undertaken, assuming Incom- 
pressibility and zero velocity gradient normal to the surface at the boundary-layer 
-outer extremity. Boundary -layer thickness and deflection at the wall are used as 
generalizing parameters. The experimental results and the momentum- IntegraQ. equa- 
tions are used to evaluate qualitatively the compressor wall boundary-layer 
characteristics. 

The main parameters controlling secondary flow appear to be the turning of the 
flow and the product of the boundary-layer thickness and streamline curvature outside 
the boundary layer. Tip clearance affects secondary flow primarily at high weight 
flows and speeds. Losses near the rotor tip and stator hub are traced to the pre- 
dominantly tangential direction of the boundary- layer flows In those locations. 

Separation of the three-dimensional boundary layer is discussed. Preliminary 
considerations indicate that many phenomena in axial -flow compressors, such as large 
losses near the rotor tips despite energy addition to the boundary layer, can be ex- 
plained by the three-dimensional boimdary-layer flow on the casing. 

82. Slnnette, John T., Jr., and Costello, George E.; Possible Application of Blade 

Boundary-Layer Control to Improvement of Design and Off -Design Performance of 

Axial-Flow Turbomachlnes . NACA TN 2371, 1951. 

Assuming a linear pressure-volume relation for compressible flow, a potential- 
flow method is developed for designing hladee slotted for suction or ejection, with 
a prescribed velocity distribution on the blade surface and in the slot, which is 
intended for use as houndary-layer control in the conqjressor or tijrbine. The effects 
of suction on the flow near the slot and of ejecting gas at temperatures and pressures 
different from the local free-stream values are discussed. Suction is recomnended 
for boundary -layer control in later stages of compressors, and ejection is recom- 
mended for cooling purposes and for increasing the loading in turbine stages. 

83. Scholz, N.; Two-Dimensional Correction of the Outlet Angle In Cascade Flow. 

Jour. Roy. Aero. Sci., vol. 20, no. 11, Nov. 1353, pp. 786-787. 

An approximate method is developed for estimating a two-dimensional correction 
of the outlet flow angle of a cascade for -the effects of boundary-layer growth on the 
end walls. It is assumed that the entire flow deflection takes place downstream of 
a plane within the passage, at the eierodynsmlc center of the passage. Momentum con- 
siderations then lead to correction in terms of flow contractions in two regions on 
either side of the plane. 

84. Stephenson, J. M. ; The Elimination of Wall Effects in Axial-Flow Compressor 

Stages. Jour. Aero. Soc. (London), vol. 57, no. 508, Apr. 1953, pp. 241-243. 

A design method is proposed that improves the accuracy of the usual design assump- 
tions for viscosity effects in compressora. The method relies upon the tendency of 
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gases to maintain a radleil-equilitrlTm condition. This Is used to counteract the 
peaking of the axial- velocity component due to wall friction (see survey 213) . The 
boundary layers must he computed for the first stage^ and then the results are ap- 
plied to all stages with suitable corrections for the hub-tip radius ratios. 

The procedure is as follows: A function f(r) Is defined as a reaction param- 

eter. For a given f(r), the tangential velocities are calculated^ and^ assuming 
no radial-velocity componentSj the axial- velocity profile is determined. If it is 
desired to choose f(r), that is, the tangential-velocity profile, a trial-and-error 
solution is set up In order to get a particular axial -velocity profile. 

The over-all design method Is intended to achieve two goals: (l) Each stage of 
a compressor must be designed with constant circulation to avoid the peaked axial- 
velocity profile generally found in con^iressors. A great deal of information la 
required about the profile in each stage which is assumed to be unchanged when dif- 
ferent blading is used. (2) The axial velocity must be controlled without increas- 
ing the circulation near the wall, as this would cause an efficiency decrease due 
to secondary-flow effects. 

85. Torda, T. P., Hilton, H. H., and Hall, P. C.: Analysis of Viscous Laminar In- 

compressible Flow Through Axial Flow Turbomachines with Infinitesimal Blade 

Spacing. Rep. No. C-TR-1, Eng. Exp. Station, Aero. Eng. Dept., Unlv. HI., 

Feb. 24, 1953. (Contract AF 33(616)-52, E.O. No. R-467-3 BR-1. ) 

An analysis is presented of the viscous steady laminar inconpressible axl- 
symmetrlc flow throu^ rotating axial-flow turbomachines. The inverse or design 
problem is solved here. First, the resultant velocity distribution in each channel 
Is assumed a nonsymmetrlc parabola with constant axial- velocity component, and the 
Navier-Stokes equations for axisymmetric flow are integrated. Introduction of a 
force field takes into account both hydrostatic pressures and viscous shear stresses, 
and makes possible the determination of the closely spaced three-dimensional stream- 
line surfaces (l.e., the blades) by integrating the streamline equations along the 
stage. In this design problem, the angular velocity, the magnitude and direction of 
the entrance velocity, the entrance pressure, and the hub and shroud radii are given. 
From these, certain arbitrary functions Zj_ and Zg must be determined on the basis 

of known efficient surface curvatures at the leading edge. Such curvatures are chosen 
to conform with known physical limitations on the rate of pressure rise on blades nec- 
essary to prevent Increased viscous losses and flow separation. The functions Zj_ 
and Zg also determine the twist of the blades. With this Information, the designer 
can then determine the streamline traces by integration and thus the blade profiles 
for a given stage. 

A numerical example is presented to iHustrate use of the design procedirre, its 
trends, and limitations. The particular numerical example in the report weis one of 
a series whose over-all aim was to determine the conditions for maximum pressure rise 
through a single rotating stage of closely spaced blades at the same time to avoid 
large blade twists, 

86. Torda, T. P., Hilton, H. H., and Hall, P. C.: Analysis of Viscous Laminar In- 

compressible Flow Through Axisil-Flow Turbomachines with Infinitesimal Blade 

Spacing. ' Jour. Appl. Mech., vol. 20, no. 3, Sept. 1953, pp. 401-406. 

Expressions are derived for the velocity components, pressure, and power input 
and output for arbitraiy blade surfaces for viscous incompressible steady flows. 

The flow variables and blade surfaces are plotted. 
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87. Born, F. W., Hall, F. C., Hilton, E. H., and Torda, T. P. : Analysis of Vlscons 

Laminar Incompressible Flow Through Axial Flow Turbomachines with Finite Blade 

Spacing. Tech. Rep. C-TR-2, Eng. Exp. Station, Aero. Eng. Dept., Unlv. Illinois, 

Mar. 18, 1953. (Contract AF 33(616)-52, E.O. No. R-467-3 BR-1. ) 

The work of survey 85 is extended to the case of finite and equally spaced _ 
blades. In somewhat the same fashion as in surveys 10 to 12, a number of equally 
spaced streamline surfaces, calculated for Infinitesimal spacing, are taken as 
"frozen," that is, the same for the finite as for infinitesimal spacing. The infini- 
tesimal solution qualitatively determines the over-all properties of the stage. The 
flow variables are then. allowed to vary from the frozen values circumferentially to- 
ward the surfaces of , the adjacent finite-spacing blades by simultaneously replacing 
the Lorenz-type force field by series expansions for the axial-, radial-, and 
tangential- velocity conponents and the pressure. By substituting these series into 
the Navier -Stokes and continuity equatloM, recurrence formulas are obtained for the 
series coefficients. The first terms of the series ai^e tJiose obtained from axl- 
symmetric solutions. The series for two of the three velocity-variable expansions” 
have arbitrary functions for their second terms and must be determined from the 
boundary conditions. Once the coefficients are determined, the streamline equations 
are integrated, and the blade siirfaces are found. The boundary conditions that must 
be satisfied are nonslip of flow along the blade surfaces and closure of the stream- 
line surfaces to form finite blades. 

Relaxation of the nonslip condition in prescribed fashion leads to a necessary 
simplification of both the analysis and the numerical work. The condition of closure 
Is rigidly satisfied, but in general has to be fulfilled individually for each design 
In the course of the., numerical work. 

88. Torda, T. P. j Analysis of Viscous Laminar Incompressible Flow Through Axial 

Flow Turbomachines. Annual Summary Rep. C-TR-3, Eng. Exp. Station Aero. Eng. 

Dept., Unlv. Illinois, July 15, 1953. (Contract AP 33(616)-52, E.O. No. R-467-3 

BR-1.) 


This third report in the series (surveys 85 and 87) is an exposition and summary 
of the first two reports. 


G. BLADE ADJUSTMENT 

89. Sinnette, John T., Jr., and Toss, William J. : Extension of Useful Operating 

Range of Axial -Flow Compressors by Use of Adjustable Stator Blades. MCA Rep. 

915, 1948. (Supersedes MCA ACR E6E02.) 

The inherently narrow operating flow and speed range of the axial-flow compres- 
sor is discussed. The useful flow range may he limited for one or more reasons, as 
follcrws: (1) a rapid change in pressiire ratio for. small changes in flow, (2) sig- 

nificant change in efficiency for change in flow, and (3) surging (i.e., unstable 
operation) when flow is decreased beyond certain limits. The useful speed range may 
be limited by rapid decreases in efficiency from peak, values with change in speed. 
Chief responsibility for these limiting flow and speed characteristics is attributed 
to the reduction in the, lift coefficients of some blade .rows, occasioned by the oc- 
currence of \in favorable angles of attack on those blades at the off -design operatiio^ 
conditions. Resetting the hlade angles by blade adjustment as operating conditions 
are changed is suggested in order to maintain the llrt coefficients as high as possi- 
ble. Stator blade adjustment is recommended for reasons of mechanical simplicity in 
high-speed multistage coupressors . A conBlderable section of the report is devoted 
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to presenting a clear physical picture of the flow mechanisms leading to the unac- 
ceptable unstable conditions at off -design operation. Particular attention is called 
to the importance of the large density changes In a multistage compressor, making it 
much more sensitive to flow changes than a single-stage unit. 

A general theory is presented for resetting the compressor stator blade angles . 
For sin^jlicity, the analysis is for one -dimensional compressible flow with an esti- 
mated polytropic exponent. Conditions calculated at the mean radius are assumed to 
represent the average conditions at each axial position. This restriction is nec- 
essary, because, while the blade angles can be adjusted to give a desired angle of 
attach for a given row of blades at some point along the blade spsin, the angles of 
attach at other radial positions cahnot be chosen simultaneously unless the blade 
twist can be altered. Tarious flow and boundary-layer considerations lead to choos- 
ing the midspan point as the criterion for blade-angle adjustments required. 

Calculation procedures are presented separately for the entrande guide vanes and 
the remaining stages, because the entrance guide vanes have functions essentially dif- 
ferent from the typical stator blades. Then calculations are presented for resetting 
the blade angles of the KACA eight-stage conpressor for 75 percent of design speed 
over a range of load coefficients from 0.28 to 0.70. The results show substantial 
improvement in the peah efficiencies at ccaspressor speeds considerably below design 
speed. Peah pressure ratios were increased with the stator blades reset. Inlet-air 
conditions had a large effect on the adiabatic temperature-rise efficiency at low 
Mach numbers. The compressor had no definite surging below Mach number 0.4. 

Stator blade adjustment can yield substantial improvement of peah efficiencies 
at speeds below the design speed. The availability of several different blade set- 
tings makes it possible to vary the peak-efficiency flows and thereby extend the 
useful compressor flow range. 

90. Sinnette, John T., Jr.; Increasing the Range of Axial -Flow Compressors by Use 

of Adjustable Stator Blades. Jour. Aero. Sci., vol. 14, no. 5, May 1947, pp. 

269-282. 

A method is described to change blade settings in order to maintain optimum 
coefficients of lift and improved compressor performance for a range of speeds and 
flows (see survey 89). Tests on the HACA ei^t-stage compressor show that a sub- 
stantial Increase in useful operating range can be obtained in this fashion. The 
theory can be applied to rotor or stator blade adjustment, or both. The tests indi- 
cate that stator blade adjustment alone is sufficient to extend greatly the useful 
operating range of the compressor. 

91. Jeffs, R. A., Hartley, E. L. , and Rooher, P.; Tests on an Axial CompMssor with 

Various Stator Blade Staggers. Memo. No. M.lOO, British N.G.T.E., Sept. 1950. 

Low-speed tests were made on six stages of a nied 1 um -stagger free-vortex-deslgn 
axial-flow compressor. The blading stagger was varied over a wide range, keeping 
the rotor blade angles fixed, in order to evaluate the effects of stagger changes in 
improving off -design operation. 

As a result of the adjvistments, efficiencies greater than 85 percent were ob- 
tained over a range of stator blade stagger angles from -50° to 10°. Design stagger 
was -25.4°. Estimated rotor and stator blade incidence angles indicate that the on- 
set of surging can be regulated by controlling the stalling of stators or rotors . 
Stalling appears to be more critical on rotor than on stator blades. 
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92. McCoy, Allan W., and Hooper, Alton V.: Blade Adjustment in Axial -Flov Compressor 

Stages. Jovtr. Aero. Bel., vol. 20, no. 1, Jan. 1953, pp. 43-48. 

A simplified analysis demonstrates the effectiveness of stator and rotor blade 
adjustment in providing volume-flow regulation in an axial -flow cotupressor. The 
effectiveness of blade control is first defined as the relative change of volume 
flow per unit of angle adjustment at constant pressure rise. Results show high values 
can be obtained by use of high flow and pressure coefficients. For any grid element, 
the effectiveness, of blade control is a function of the reaction ratio and the flow 
and pressure coefficients. Low reaction ratio is used for stator blade control, and 
high for rotor blade adjustment. 

A simplified analysis presents further information concerning the radial dis- 
tribution of blade-control effectiveness (see survey 89). Stator blade adjustment 
achieves maximum control effectiveness at the blade root section for conventioneil 
type stages and more even distribution of effectiveness with rotor blade control. 
Special stage designs for uniform radial distribution of control effectiveness are 
discussed. To the reviewers,, the assumptions in this laet analysis, that the flow 
is incongireeBible, that the rafllal-flow con^nents in the increased flow obtained by 
blade adjustment are similar to those obtained at design conditions for each blade 
element (l.e., no radial equilibrium), that the outlet-flow angles remain constant 
radially, and that the radial distribution of pressure rise remains constant, appear 
so large that they qualify the resiilts. 

93. McCoy, A. W., and Brunner, M. J: The Use Of Stator-Bladn Control to Obted.n Wide 

Range of Con 5 )reB 80 r Performance for Wind-Tunnel Application. A.S.M.E. Trans,, 

vol. 76, no. 2, Feb. 1954, pp. 233-240. 

Stator blade adjustment makes possible attainment of wide ranges of pressure 
ratio and volume flow at constant rotor speed, as cpn©ared with the use of stator 
blade edjxistment to obtain favorable operation over a wide range of speed (see 
surveys 89 to 92). Design considerations and performance predictions for axial -flow 
compressors with stator sidjustment are discussed, and experimental confirmation is 
provided. 


H. ACTUAT0R-D33K SOIUTIOHS 

94. Bragg, Stephen L., and Hawthorne, William R. : Some Exact Solutions of the Flow 

Through Annular Cascade Actuator Discs. Jour. Aero. 6ci., vol. 17, no. 4, Apr. 

1950, pp. 243-249. 

The incompressible inviscid flow through a stage of an axial -flow turbomachine 
is approximated by the flow through an actuator disk, the limitl^ case when the chord 
of the blades approaches zero and the tangential, vel^ity component changes discontln- 
uously. As pointed out in survey 49, this assumption serves the mathematic8il purj^BC 
of making the flow equations (first made, linear by assuming no self -transport of vor- 
ticity) homogeneous. 

Two examples are chosen in which exact actuator-disk solutions and numerical 
solutions can be obtained. The results indicate that the radial flows decay rapidly 
with distance from the disk section. Nearly half the total radial, -flow decay occure 
within a distance of one tenth of the tip radius. For Inconqpresslble nonviscous 
flows, the value of the, axial velocity at the disk section is almost exactly the mean 
between the values far upstream and downstream of the cascade. 

The actuator-disk solution may be useful as a quick check on the more involved 
approximate methods such as in survey 49. 
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95. SiestruQCk, R., and Patiri, J. (S. Reiss, trans.): Vortex Flow In Axial Machines. 

NACA Translation. (Trane, from Office Hat. D' Etudes et de Eecherches Aero. Pub. 

No. 45, 1950.) 

The linearized axlsyimaetrio actuator -disk solution is extended to include com- 
pressible flows. The flow is characterized by a meridional stream function satisfy- 
ing continuity, and a moment of momentum function with respect to the machine axis 
of rotation. A general relation between the stream and momentum functions is estab- 
lished for the two-dimensional compressible vortex flow. Linearized solutions are 
computed for incon®ressible flow, and the relations applied. Experimental deflection 
curves obtained from cascade tests are introduced with the solution procedure. Sev- 
eral nonpotentlal-flow cases are also calculated. 

The differences between deflections obtained in flows in two-dimensional cascade 
tests and the three-dimensional flows in machines are discussed, as well as off -design 
point conditions in multistage machines. 

96. Siestrunck, Raymond, et Fabri, Jeans Solution llnearlsee du mouvement 

to\irbillounalre d'un fluide conpressible dans une roue axiale. Pub. Sci. et 

Tech., t. 1, no. 248, 1951, pp. 75-82. (Linearized Solution of the Turbulent 

Motion of a Compressible Fluid in an Axial -Flow Turbine.) 

A lifting-line theory is developed for axisymmetric flow in an axial-flow tur- 
bine with cylindrical walls. Relations are obtained between the vorticlty and en- 
thalpy gradients. Stream functions are chosen to satisfy the relations. It is found 
that the linearized equations have slnple solutions. 

97. Railly, J. W.; The Plow of an Incompressible Fluid Through an Axial Turbomachlne 

with any Number of Rows. Aero. Quart., vol. 3, pt, 2, Sept. 1951, pp. 133-144. 

Following survey 49, a solution is proposed for nonviscous axisymmetric flows 
for cylindrical walls and their lifting disks. The continuity equation is Integrated 
to obtain the axial velocity at the lifting section. This turns out to be the average 
of the upstream and downstream velocities. One solution for the equation of motion is 
obtained by neglecting radial displacements^ another is obtained for the velocity dis- 
tribution of a single blade row. Because the equations were linearized, the solutions 
for the flow fields to each row can be superposed to obtain the flow through a multi- 
stage unit . 

Calculations by this method are affected by successive approximations. A com- 
putation is presented for a single compressor stage with untwisted blades and axial 
velocities upstream. Three approximations are computed and reasonable convergence 
is obtained. 


I. THREE-DIMENSIONAL FLOWS 

98. Meyer, Richard: Beltrag zur Theorle feststehender Schauf elgitter . Nr. 11, Mitt, 

aus dem Inst. f. Aero (Zurich), 1946. 

The first detailed analysis of the three-dimensional incompressible flow through 
a stator cabcade with cylindrical walls is presented herein. The source and vortex 
method of survey 245 is employed to extend the solution from the infinite to the 
finite number of. blades. The solution is exact for flows that are irrotational up- 
stream and downstream of the rotor. They may be rotational within the rotor, but no 
vorticlty is shed from the blades. 
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Briefly, the method modifies the solution for an infinite number of blades by 
a Fourier analysis to obtain the solution for a finite number of blades. Proper 
care is taien to prescribe the components of the force field or the energy distribu- 
tion so that the force field will be perpendicular to the family pf blade surfaces 
(Bauersfeld condition, 1905). This is the necessary condition for the infinite blade 
solution to be at all comparable with the nonviscous solution for finite n\amber of 
blades. However, for large aspect ratios, the idealized flow will be comparable to 
the real flows even if this condition has not been fulfilled. 

99. Dreyfus, L. A.: A Three-dimensional Theory of Hhirblne Flow and Its Application 

to the Design of Vfheel Vanes for Francis and Propeller Turbines. Acta Polytech. 

Mech. Eng. Ser., vol. 1, no. 1, 1946. 

The solution for an infinite number of blades is extended to a solution for a 
finite number of blades, and the results are discussed. A power-series development 
is employed, and its first tem is determined from the solutions for infinite number 
of blades. The second tenn of the series is explicitly determined from the equations 
of continuity and irrotatlonal absolute flow. 

This report provided many of the ideas developed in surveys 10 to 12, 34, and 

103. 

100. Weske, John R.: Fluid Dynamic Aspects of Axial-Flow Compressors and Turbines. 

Jour. Aero. Scl., vol. 14, no. 11, Nov. 1947, pp. 651-656. 

The stage velocity diagrams for the ideal operation of radial elements of am 
axial turbomachine stage (for flows Confined to coaxial stream surfaces in rotation- 
ally symmetric flows with identical inlet and outlet velocities) can be coinpletely 
defined in terms of three dimensionless parameters - flow, pressure, and reaction 
coefficients. The flow coefficient is the ratio of the axial velocity to the wheel 
speed. The pressure coefficient is the ratio of stage tot^-pres^re change to 
wheel-speed velocity energy. The reaction coefficient is the ratio of rotor static- 
pressure change to stage total-pressirre change. Radial variations of the pressure' 
and reaction coefficients are found for two specific cases. 

The three-dimensional aspects of the flow resulting from viscosity are qualita- 
tively discussed. For example, radial variations of the circumferential velocity 
component, which can result from boundary-layer effects, cause corresponding changes 
in these fundamental parameters governing stage design. Considering the flow through 
the blade rows as flow in curved channels, the behavior and effects of the surface 
boundary layers, the blade wakes, and centrifugBO. action in the rotors are analyzed. 

A criterion for radial stability of the compressible flow on coeo^al stream surfaces 
is proposed, which indicates that the stability depends on the radial distribution 
of total energy (bis for incompressible flow) and also on the temperature distribution. 
With this criterion, the radial displacement of the boundary layer in turbomeichlnes 
Is suiEilyzed for vEirious conditions of flow . circulation and boundsuTT-layer 
distribution. — - - - 

IQl. Kahane, A. : Investigation of Axial -Flow Fen Eitid Compressor Rotors Designed for 

Three-Dimensional Flow. NACA TN 1652, 1948. 

An ansilysls of the three-dimensionsLl aspects of the flow in axlel.-flow turbo- 
machines is directed ta the problem of attuning hi j^er_steige prM^re ratios. An 
approximate method is developed to Btdapt the two-dimensional airfoil data for us^ih 
three-dimensional flow considerations. The results are as follows: (1) Higher pres- 
sure ratios than possible with free-vortex design can be obtained by loading the 
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rotors at the tip sections. The flow, hovevex hecranes three-dimensional. (2) TTi gVi - 
efficiency axial-flow con^iressors can he achieved with three-dimensional flows. (3) 
The three-dimensional theory hased on two-dimensional-cascade data is sufficiently 
accurate for design purposes. (4) Tip-clearance losses of highly loaded rotor hlades 
are not excessive. 

102. Schnittger, J. E. : Three-Dimensional Flow in Axial Compressors. Eng. Digest, 

vol. 13, no. 3, Mar. 1952, pp. 89-90. 

The three-dimensional flow characteristics in axial-flow compressors with axi- 
symmetric flows are determined "by appijLcations of the vortex-field and radlad- 
exjuilihrlTJm theories. Under vortex-field theories, a brief discussion is presented 
of (l) calculations of potential. Incompressible flows with constant axial-velocity 
components and constant whirl radially (by the method of siirvey 23), and (2) vortex 
flow showing velocity distributions (calculated by the method of survey 49) . 

Calculations based on radial-equilibrium conditions Indicate methods to obtain 
expressions for radial acceleration, energy gradients, and interference between cas- 
cades. Methods based on the T- nd-tn.l equation are easy to handle Eind can 
account for compressible-flow and frictional effects. 

103. Vfu, Chung-aia: A General Theory of Three-Dimensional Flow in Subsonic and 

Supersonic Turbomachlnes of Axial-, Eadlal-, and Mixed-Flow Types. KA.CA TN 

2604, 1952. 

A general three-dimensional nonviscous compressible-flow theory is developed 
for subsonic and supersonic turbomachines with finite numbers of blades of finite 
thickness and arbitrary hub and casing shapes. The combined theory is applicable 
to axial-, radial-, or mixed- flow turbomachlnes for both the direct and Inverse 
problems. Such a theory is required for any kind of.au accurate representation for 
cases of low hub-tip radius ratios, for cases of high inlet Mach number, and highly 
loaded stages where two-dimensional solutions are Inadequate. 

The three-dimensional solution is obtained in £m essentially two-dimensional 
manner. Solutions for mathematically two-dimensional flows on two different kinds 
of relative stream surface are combined by an iteration process. A lelatlve stream 
surface of the first kind extends from the suction surface of one blade to the 

pressure surface of the adjacent blade. The blade-to-blade flow variations- can be 
computed on stich surfaces. Twist of the surfaces may lead to large values of 

circumferential derivatives. A relative stream surface of the second kind Sg la 

one between two blades, extending from hub to outer casing. The througsh-flow solu- 
tion (survey 34) is a special case of an Sg stream- surface solution. The. equation 

of continuity is combined with the appropriate equation of motion in either the 
tangential or radial direction through use of a special stream function defined on 
the surface. A nonlinear partial-differential principal equation of flow results. 

The equations obtained to describe the flow on these mean stream surfaces show 
clearly the approximations involved In ordlnazy two-dimensional solutions. The char- 
acter of the nonlinear partial-differential equation, vriaether elliptic or hyperbolic, 
depends upon the relative magnitude of the local velocity of sound and certain com- 
binations of velocity components of the fluid. 

General methods of solution Of the equations by hand-operated or by high-speed 
digital computing machines are presented. In general, the three-dimensional solu- 
tions for both the direct and the inverse problems enrploy the solutions on both kinds 
of relative stream surfaces. The correct solution on one kind of surface often re- 
quires information obtained from solutions on the other kind. Consequently, an 
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iterative solutiorL process between the two kinds of surfaces may be required. In the 
direct problem, the solution starts with an assumed flow surface and proceeds with 
alternate solutions on the two kinds of flow surfaces until a satisfactory approxi- 
mation is obtained. The better the first approximation (see siu'vey 17), the shorter 
the computation. 

The process is shorter for the inverse problem. The calculation begins on the 
mean 83 siirface. The designer can specify one degree of freedom and sin estimated 

blade-thickness distribution. After the solution on this Sg surface has been ob- 
tained, the blade coordinates are determined by extending the solution circumferen- 
tially on an Sp siirface. 

The analysis of the three-dimensional theory can provide a clearer understanding 
of the flows in a ttirbomachine than was obtadnable by more simplified solutions, in 
the opinion of the revlerwers. More complete knowledge about the behavior of the main 
stream and its effects on the development of viscous boundary layers might then aid 
in imderstandlng the secondary-flow behavior in turbomachines. This theory is appli- 
cable to both irrotational and rotational absolute flow at the inlet and at both de- 
sign and off -design conditions. However, because of the formidablllty of the complete 
three-dimensional design theory involving iterative solutions between the and Sg 

STirfaces, its application to compressor design is impractical at this time. Little 
has been recorded about its actual use. At present, then, the three-dimensional 
theoi*y can best serve as a laseful guide for evaluation of ejqperimental data. 

104. Wu, Chung-HUa: Matrix and Relaxation Solutions that Determine Subsonic Throu^ 

Flow in an Axial -Flow Gas Turbine. NACA TH 2750, 1952. 

The usefulness of the three-dimensional flow theory (survey 103) depends greatly 
on the ease of obtaining solutions on the Sp or 83 relative stream surfaces. The 
principal flow equations for both kinds, of surfaces and the methods of successive 
approximations used for their solution are similar. Their ease of solution and rate 
of convergence can be expected to be nearly equal. 

This report presents and evaluates three methods for obtaining solutions on Sg 
surfacea, namely, (l) relaxation method for hand-operated desk calculator, ( 2 ) matrix 
method on an IBM card-programmed electronic calculator, and (3) matrix method on 
Uni vac . 

The incompressible and compressible rujnviacouB flows are computed for a single- 
stage axial-flow turbine of free-vortex velocity distribution on the Sg surface with 

cylindrical bounding walls and a hub-tip radius ratio of 0.6. Convergence is readily 
obtained. The matrix methods proved quicker and more accurate, and calculations are 
not overly difficult, according to the author. The results of these calculations can 
be used to evaluate sinpler, more approximate methods for computing subsonic through- 
flows in turbomachlnea . 

Interesting flow properties are also brought to light by the calculations . For 
example, the actual flow path through a blade row, which may be far from sinusoidal 
(see surveys 33, 36, and 6 ), depends upon such factors as the shape (reuilal twist) 
of the stream surface and the compressibility of the gas. The shape of the stream 
surface is particularly sensitive to the axial position of the radial element of the 
stream surface. Upstream of the radial element, radially inward flows occur; down- 
stream, radially outward flows occur. For Incompressible flows, considerable radial 
flow results because of the circumferential pressure gradient and the reuilal twist 
of the stream surface. The flow is radially inward in the stator and outward in the 
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rotor of this turbine. The effects on the flow distribution are significant. Large 
negative radial gradients of axial velocity result in the space between the stator 
and rotor. For congress lb le flows, the effects of conqpresslbility and the radial 
twist on the flow distribution are nearly equal. The nonlinear effects of the gov- 
erning equations are particularly evident here. 

Assuming a sinusoidal flow path within, a blade row can apparently provide a 
reasonable measure of the radial displacement effects for calculation purposes 
(survey 36) . However, the acttial flow path may not be sinusoidal. 

105. Marble, Frank E., and Mlchelson, Irving: Analytical Investigation of Some Three 

Dimensional Flow Problems in Turbomachines. HACA TN 2614, 1951. 

This report extends the linear theory to the study of off -design operation and 
mutual interference. The flow is considered axisymmetrlc incongressible and non- 
viscous in an axial-flow tiirbomsichine. The radial— velocity components and the devia- 
tion of the axial velocity from the mean throu^-flow are assumed small. The theory 
points to three additive flow components; (l) uniform throufdi-flow, (2) radial- 
equlllbri'um solution, correct upstream and downstream, and (3) a "fine-structure” 
accounting for accelerations. Tables are given for calculating the fine-structure 
by punch-card methods for a hTib-tip radius ratio 0.6. 

An actuator-disk approximation is made to the fine-structure with numerical 
examples. The discussion from this includes (1) transients in the first few stages 
of a multistage unit, (2) fluct\iatlons of axial— velocity distribution within a 
machine, (3) the performance of a single blade row with a prescribed distribution of 
tralling-edge flow angle and dependence upon radius and aspect ratio, and (4) off- 
design performance of blade rows and mutual interference effects. 

The theory involves a second-order linearization in oi^r to handle problems 
concerning flows with greater vortlcity effects than could be assiuned in neglecting 
self -transport of vortlcity (see survey 49). 

106. Stanltz, John D., and Ellis, Gaylord 0.: Flow Surfaces in Botating Axial -Flow 

Passages. HACA TK 2834, 1952. 

The significance of the effects of radial twist of the relative stream surfaces 
on the radial distribution of velocities downstream of a blade row are discussed in 
survey 104. The present investigation attengpts to discover the magnitude of the 
actiial deviations of the flow surfaces from their assumed orientation in typical two- 
dimensional solutions. Ob.e flow is assximed incon^ressible, nonviscous, and absolute 
irrotational throu^ rotating finite-spaced strai^t blades of infinite axial length. 
The blades have no spanwlse loading variations, which linearizes the solutions. 
Numerical solutions are obtained for five passages for a range of blade spacing and 
hub-tip radius ratio. The solutions are found by superposing the solution for zero 
through-flow in passages when rotating upon solutions for through-flow in the passages 
where stationary. In this fashion all ratios of axial velocity to passage tip speed 
can be accommodated. 

107. Yamanouchi, Masao: Three Dimensional Considerations of Flow Throu^ Turbines. 

Rep. No. 3, 5?rans. Tech. Res. Inst., Oct. 1952. (Pub. by The Unyu-Gijutsu 

Kenkyujo Mejlro, Toshimaku, Tokyo, Japan.) 

Plow with axial symmetry, small secondary-flow effects, viscous losses in the 
stream recovered as temperature rise, and slight streamline deviation throu^ the 
passage is etssumed. In the design and performance analysis of turbines, the perform- 
ance of the stage is usually considered to be fairly represented by that. of the blade 
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elements at the mean pitch circle radius. This analysis intends to evaluate the 
closeness of such approxitnations and to discuss their satisfactoriness. 

The three-dimensional flow in a turbine due to variations of velocity coeffi- 
cients of the blade elements and of the circulation spanwise is discussed. Funda- 
mental equations describing the flow patterns are derived. Three numerical exangiles 
of constant circulation radially, constant nozzle discharge angles, and uniform axial 
turbine discharge are provided. The usual simplified design procedures are too In- 
aceui*ate to permit making an advanced, high-performance turbine. 

108. Holmquist, Carl 0.: An Approximate Method of Calculating Three-Dimensional, 

Compressible Flow in Axial Turbomachines. Ph.D. Thesis, C.I.T., 1953. 

An approximate solution is presented to the direct and Inverse compresslble-flov 
problem in arbitrarily shaped axlsymmetric channels. The flow is steady, axisymmetrlc, 
compressible, and nonviscous. Heal-flow effects are approximated by use of a poly- 
tropic exponent. The blades are radial. Bo boundary-layer effects or blade inter- 
ference are considered. By consideration of the upstream conditions, the channel 
configurations, and the blade shapes, the flow immediately downstream of the blade 
row is analyzed. An integral for the axl a1 velocity is derived from the known up- 
stream conditions and the downstream static pressure. The total -pressure distribution 
is determined by Integrating the radial -momentum equation and by applying the energy 
equation at the boundary. The mass-flow equation is solved for the value of the con- 
stant obtained by integrating the axl a1 velocities with an assiimed distribution. An 
iteration process is set up in which the axial— velocity distribution is assumed, and 
the procedure leads to a new axial- velocity distribution. The process continues until 
a velocity distribution produced by an iteration equals the assumed distribution. 


SECTION II. EXEERIMEHTAL PEHFORMANCB AMD CHAEIACTEBIBTICS 


A. AIRFOILS AMD BLADE SECTIONS 


109. Abbott, Ira H., von Doenhoff, Albert S., and Stivers, Louis S., Jr.: Summary 

of Airfoil Data. NACA Rep. 824, 1945. (Supersedes BACA VfR L-560.) 

Airfoil data for flight and wind-tunnel tests obtained in the NACA Langley two- 
dimensional Inw-turbulence pressure tunnel are collected and correlated. Flight-data 
drag measurements were obtained by wake-stjrvey methods. Included are analyses of the 
lift, drag, pitching moment, critical-speed characteristics, pressure and velocity 
distributions, and a discussion of the effects of surface conditions. 

110. Loftln, Laurence K., Jr.; TheoreticsQ. and Experimental Data for a Number of 

NACA 6 A-Serles Airfoil Sections, BACA Rep. 903, 1948. (Supersedes NACA TN 
1368.) 


Experimental results obtained in a two-dimensionaO. investigation of five NACA 
64A-series and two BACA 63A-series airfoil. sections aT 5 _ presented. The NACA 6 A-serles 
airfoils were designed to eliminate the trail Ing-edge cusp of the NACA S-series air- 
foils by making the sides straight from 80 percent of chord to the trailing edge. The 
data were obtained for the NACA 6 A-series basic thickness forms with the minlmum- 


pressxxre point at 30, 40, and 50 percent of chord, 
percent of chord, and at Reynolds numbers of 3x10° 


for thickness ratios from 6 to 15 
, 6 x 1 q 6 , and 9 x 1 q 6 . 


The test results indicate that the section minimum drag and maxiinum lift of. com- 
peLTable NACA 6 -series and 6 A-serles aLrfoils are nearly the same. .The llft-cUrye 
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slope of the HACA 6A-8eries is smooth and nearly independent of the airfoil thickness 
ratio, in contrsist to trends of the HACA 6-series airfoils, Leading-edge roughness 
causes the lift-curve slope of the 6A-series sections to decrease as the airfoil 
thickness ratio increases. 

111. Beaven J.-A., Sargent, E., North, E. S., and Burrows, P. M. : Measurements of 

Maximum Lift on 26 Aerofoil Sections at H't gh Mach Number. E. & M. Ho. 2678, 
British A.E.C., 1948. 

Tests were conducted on 2-lnch-chord airfoil sections at Eeynolds numbers up to 
750, CXW, Mach numbers up to 0.85, and angles of attack up to 15°. Conventional, HACA, 
and low-drag airfoils were tested. The test results are presented as curves of lift 
coefficient against incidence angle for a range of Mach numbers, and curves of the 
maximum lift coefficient against the Mach number for each ‘airfoil. 

In general, the curve of lift coefficient against Mach number shows a peak char- 
acteristic at low Mach numbers. At hi^er Mach numbers of approximately 0.75, the 
curve shape changes -to a continuous rise of lift coefficient with angle of attack. 
Below this critical Mach number of 0.75, the max-lmum lift coefficient of each airfoil 
decreases as the Mach number Increases. At Mach numbers greater than about 0.6, the 
section characteristics conducive to increasing the maximum lift are thinness, higher 
camber, and rearward location of the maximum oaEber point (see s'urveys 125, 126, and 
118). 

11,2. Loftin, Laurence K., Jr., and Smith, Hamilton A.; Aerodynamic Characteristics 
of 15 NACA Airfoil Sections at Seven Eeynolds Numbers from 0.7><10® to 9.0x10®. 
NACA TN 1945, 1945. 

The two-dimensional aerodynamic characteristics of ten NACA 6-serles sections 
and five HACA 4-dlgit and 5-diglt series airfoils are presen-ted. The data show the 
effects of systematic variation in airfoil thickness, thickness distribution, and 
camber at each of seven Eeynolds numbers covering the range from 0.7x10® to 9.0x10®. 
The maximum Mach number was 0.15, and correction factors were applied for the boundary 
layer. The tests were conducted on both smooth and rough surfaces. 

The results show that the drag coefficient at design coefficient of lift condi- 
tions and the maximum coefficient of lift are the most important aerodynamic charac- 
tersitics affected by Eeynolds number variations. For all the airfoils tested, the 
drag coefficient at design lift increases as the Eeynolds number decreases at all 
conditions. For smooth NACA 6-serles airfoils, the drag-coefficient increase becomes 
larger as "the airfoil thickness Increases, and as the position of minimum pressure 
moves rearward on the basic thickness form at zero lift. For both rough surfaces 
and lower Eeynolds numbers with smooth surfaces, there is no reduction in the minimum 
drag by use of the 6-serles in lieu of the 5-eeries airfoils. 

As the Eeynolds numbers were decreased, the maximum lift for eJ. 1 the airfoils 
decreased in unpredictable fashion. In general, the extent of the low-drag range 
increased for the smooth 6-serles airfoils as the Eeynolds number decreased. For all 
airfoils, the extent of the low-drag range was greater than predicted theoretical 
values at the lower Reynolds numbers. 

Some decrease of Idft-curve slopes was observed as the Reynolds numbers de- 
creased, but the angle of zero 1 1ft appeared almost independent of Reynolds ntmiber. 

113. Schaefer, Raymond F., and Smith, Hamilton A. ; Aerodynamic Characteristics of 
the NACA 8-H-12 Airfoil Section at Six Reynolds Numbers from 1.8x10® to 
11.0x10®. HACA TN 1998, 1949. 



44 


NACA RM E55H11 


Similar to the material presented 137 survey 112^ the HACA 8-H-12 airfoil was 
tested "both smooth suid roughened. Section liftj drag^ and pitching-moment coeffi- 
cients were obtained for a range of six Reynolds numbers from 1.8x10® to 11.0x10®, 
and the results are compared with data on HACA 0012 and HACA 23012 airfoil sections, 
both commonly used in rotor blades. 

No unusual scale effects were observed for the smooth 8-H-12 blades over the 
Reynolds number range. Except for an adverse scale effect on the drag in the range 
of Reynolds numbers between 2.6x10® and 3.0x10®, the same is true for the roughened- 
edge airfoils. This effect is attributed to differences in the extent of roughness 
employed at those Reynolds nuaibers. 

114. Smith, Hamilton A., and Schaefer, Raymond F.: Aerodynamic Characteristics at 

Reynolds Numbers of 3.0X10® and 6.0x10® of Three Airfoil Sections Formed by 

Cutting Off Various Amounts from the Rear Portion of the HACA 0012 Airfoil 

Section. NACA OH 2074, 1950. 

Airfoil sections were formed by cutting off 1.5-, 4.0-, and 12.5-percent chord 
from the trailing edge of the NACA 0012 airfoil section. The 1.5- and 4.0-percent 
cases were tested at Reynolds numbers of 3.0i<L0® and 6.0X10®, and the 12.5-percent 
case was tested at a Reynolds number of 6.0x10®. The 1.5-percent case was then 
roughened by having rivet heads attached near the trailing edge and tested, and tun- 
nel wall and boundary- layer corrections were applied. The tests were conducted at 
low Mach numbers. 

As the trailing-edge thickness Increased, the maximum section lift coefficient 
varied little for the smooth condition but Increased for the roughened condition, and 
the section drag coefficient Increased uniformly over a wide range of lift coeffi- 
cients. 

The value of quarter-chord pitching moment at zero angle of attack remained ap- 
proximately zero with increase of tralllng-edge thickness, but the aerodynamic center 
moved rearward. 

115. Amick, James L. ; Comparison of the Experimental Pressxire Distribution on an 

NACA 0012 Profile at High Speeds with That Calculated by the Relaxation Method. 

NACA TH 2174, 1950. 

Pressure-distribution measurements were made on ein l^CA 0012 airfoil (5-in. 

chord) at zero angle of attack for a range of Mach numbers up to 0.75. -The data are 
compared with calculations made by a relaxation method. At the lower Mach numbers, 

good agreement was achieved between the experimental and Jiheoretlcri ysiues, the 

spread in values increasing with Mach number. At the highest Mach nuniber, the agree- 
ment was poor, perhaps as a result of the probable occurrence of weak shocks. At 
Mach number 0.7, the pressure distribution, calculated by applying the von Kwnnan- 
Tsien compressibility correction to the relaxation solution for the airfoil at zero 
Mach number in free air and modifying for tunnel constriction, approximates fairly 
well both the experimental pressure distributions and the relaxation-method pressure 
distributions for. the airfoil in free air mpdifled for tunnel constriction. . ; 

116. McCullough, George B., and Halre, William M. : Low-Speed Chsiracteristlcs of 

Four-Cambered, 10-Percent -Thick NACA Airfoil Sections. NACA TN 2177, 1950. 

The stalling characteristics of cambered airfoil aections, as affected by NACA 
0010 and 64A010 basic thickness distributions, were investigated at low speeds and 
at Mach numbers of 0.131 and 0.187. The lift, drag, pitching-moment characteristics, 
and chordwise distribution of pressure were obtained for 10-percent-thlck sections of 
these thickness distrlbutionB, esicb cambered with the same type mean line for design 
lift coefficients of boib 0,3. and 0.8. . ^ 
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The results Indicated that stall vas affected little "by the changes of thictness 
distribution but was affected by the camber. Visual indications by means of tufts 
showed that the stall of sections cambered for ideal lift coefficient (0.3) resulted 
from separation from the leading edge, which occurred almost immediately after the 
appearance of turbulent separation at the trailing edge. With sections cambered for 
ideal lift -coefficient (0.8), the turbulent separation from the trailing edge pro- 
gressed almost as far forward as the 70-percent-chord station before laminar separa- 
tion occurred at the leading edge. The NACA 0010 -series sections had higher maximum 
lift than the NACA 64A010-serles sections, but the difference was smaller between the 
more highly cambered sections. The maximum lifts of both series were reduced by sur- 
face roughness. The effects of Reynolds number variations on maximum lift were small 
for the range investigated. 

117. Douglas, Ola; A Series of Low -Drag Aerofoils Einbodying a Kew Camber-line. 

R. & M. No. 2494, British A.R.C., 1947. 

A method developed in 1947 is applied to the design of camber lines. Better 
than the constant -load type, the new camber line includes larger values of lift- 
coefficient range and leading-edge curvature. IJumerlcal methods are described which 
use Hollerith punch-card machines . A series of airfoils was designed and their char- 
acteristics displayed. 

118. Van Dyke, Milton D.: High-Speed Subsonic Characteristics of 16 HACA 6-Series 

Airfoil Section. MACA TN 2670, 1952. 

The high-subsonic speed characteristics were meastired for NACA 63-, 64-, 65-, 
and 66-serles airfoil sections with thickness ratios of 6, 8, 10, and 12 percent and 
ideal lift coefficient of 0.2. 

Only slight inipairment of the high-speed section drag characteristics results 
from movement up to 40 percent of chord forward of the position of minimm base- 
profile pressure. The decrease of lift-curve slope and the increase of angle of zero 
lift are delayed further beyond the crl-^ical Mach number. Therefore, for the 6-serles 
airfoil sections with given thickness ratio, the optimum sections are obtained with 
the minimum-pressure point near 40-percent chord (see siu:‘veyB 125 and 126). 

Hie high-speed drag characteristics of the airfoil sections could be improved 
only by decreasing the thickness ratio, idiich led to a reduction in the range of 
coefficient of lift less severe than had been predicted. Even the thinnest sections 
maintained good high-speed performance over a wide range of lift coefficient. 


B. STATIONARY BLADE ROWS 

119. Kantrowltz, Arthur, and Daum, Fred L. : Preliminary Experimental Investigation 

of Airfoils in Cascade. NACA WR L-231, 1942. (Supersedes NACA CB.) 

An experimental study was made at very low flow speeds through a stationary 
cascade of 65 2-810 blower-blade sections. The solidity was 1.0, the stagger 45°. 

The turning-effectiveness, pressure-distribution, pressure-rise , and lift and energy- 
loss characteristics were evaluated. 

The turning angle for cascades of small-camber blades with solidity near 1 is 
approximately the blade angle of attack less the angle of attack for zero lift of 
the Isolated airfoil. A large part of cascade losses is associated with flows along 
the channel walls and particularly with a region of slow air near the Junctures of 
the blade convex sides with the waills (see surveys 230 to 234). 
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120. Zlnmey, Chaxles M., and Lapp!, Viola M. : Data for Design of Entrance Vanes 

from Two-Dimensional. Tests of Airfoils in Cascade. NACA WR L-188, 1945. 

A series of b lower -t lade sections was developed for turning air efficiently 
from 0° to 80°. Teste were made of five KACA 65-series blower blades and of four 
experimentally designed blower blades. The turning effectiveness and presetire dis- 
tribution of the blades were evaluated by stationary cascade tests of the blades at 
solidities nearly equal to 1 and at low Mach numbers. 

Entrance-vane design charts, based on the two -dimensional-cascade tests, are 
presented for designing a blade section at a specified angle of attack with any 
desired turning angle. These blades operate with peak-free pressure distributions. 

The critical Mach numbers can be calculated approximately from the pressure 
distributions . 

121. Bogdonoff, S. M., said Bogdonoff, H. E.: Blade Design Data for Axial -Flow Fans 

and Compressor. NACA WR L-635, 1945. 

An experimental investigation was conducted to obtain blade design data suitable 
for high-efficiency axial -flow fans and conpressors. The tests were conducted in a 
low-speed two-dimensional-cascade tunnel at Mach numbers of about 0.1 end at Reynolds 
numbers of about 300,000. Boundary-layer suction slots were used. Effects of casiber, 
solidity, and stagger on the blade turning angle emd shape of pressure-distribution 
curves were studied for a family of five low-drag airfoils. The eilrfoll camber a were 
varied to obtain a range for a free-alr lift coefficient from zeix» to 1.8. Tests 
were then made at stagger angles of 45° and 60° and at solidities of 1.0 and 1.5. 

From these tests, blade design charts were prepared to give the camber and angle of 
attack setting for any desired turning angle. Blades thus chosen have nearly flat 
pressure-distribution curves. Some blades tested in a single-stage blower reached 
their maximum efficiency for operation near the flat pressure-distribution range. 
Empirical equations are presented by which the performance of airfoils in similar 
cascades can be predicted sufficiently accurately for blade design purposes. 

122. Katzoff, S., Bogdonoff, Harriet E., and Boyet, Howard: Comparisons of Theoret- 

IcEil and Experimental Lift and Pressure Distributions on Airfoils in Cascade. 

NaCA TN 1376, 1947. 

One cascade of turbine blades, two cascades of entrance vanes, and three ceis- 
cades of blower blades using HACA 6-serles airfoil sections were tested. Most of 
the experimental data were taken from surveys 121 and 120. The Siperlmentally ob- 
served lift coefficient was smaller, than that calculated theoretically. These dif- 
ferences were greater in cascades than the corresponding differences in theoretical 
and experimental lift coefficients for isolated airfoils. The experimentally and 
theoretically determined pressure distrihutions also differed. However, when the 
theoretical lift was mside to equal the experimental lift (by ignoring the Kutta con- 
dition or other methods), the pressure distributions agreed fairly well. The dif- 
ficulties may have resulted from end effects, and the pressure distribution on a 
blade section in an actual blower may be considerably different- from that in a cascade. 

123. Bogdonoff, Seymour M.; RACA Cascade Data for the Blade Design of High- 

Performance Axial -Flow Compressors. Joux. Aero. Sci., vol. 15, no. 2, Feb. 

1948, pp. 89-96. _ 

The Important blade design parameters (l.e., turning angles or loading), design 
angles of attack, and critical speed were evaluated. Tests made in two-dlmenaional 
cascades at low and high airspeeds show that the data obtained in the low-speed 
tunnel were suitable for high-speed conditions and for blades mounted in a rotor. 

It is estimated that the number of conq>res8or-atages currently required could be 
halved by using highly loaded blades. 
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124. Katzoff, S., and Hannah, Margery E.: Further Con®arlsons of Theoretical and 

Experimental Lift and Pressure Distributions on Airfoils in Cascade at Low- 

Subsonic Speed. HACA TN 2391, 1951. 

In this report, which supplements survey 207 and extends the results of survey 
122, the lift and velocity distribution are eon^ared for five highly cambered 
compressor-type bladas of the NACA 6-series. Ingjroved experimental data-tating 
techniques (survey 207) resulted in obtaining closer agreement between theoretical 
and experimental values. At Reynolds niimbers of 250,000 and inlet velocities of 
about 95 feet per second, the experimental 31ft coefficients were less than the theo- 
retical. • The differences were larger for the more highly cambered blades and high- 
pressure-rise conditions. The pressure distribution calculated by equating the cir- 
culation to the experimental value and neglecting the Kutta condition agreed with 
the experimental distribution, provided the boundary layer did not separate. 

125. Carter, A. D. S.; Some Tests on Compressor Cascades of Related Aerofoils Having 

Different Positions of Maximum CanOber. Rep. Ho. R.47, British H.G.T.E., Dec. 

1948. 

Experimental investigations show that blades having their position of maximum 
camber well forward have a wide operating range and high choking mass flow but a 
low critical Mach number, based on drag rise. Shifting the position of maximum cam- 
ber rearward narrows the working range Tmit at the same time increases the critical 
Mach number, thus enabling increased work output for the corresponding compressor 
stage. 

The position of maximum camber at 50-percent chord is a fair compjromise (see 
survey 118) . In actual compressor stages where secondary-flow effects may be large, 
these results may not apply. 

126. Carter, A. D. S., and Hughes, Hazel P. : A Theoretical Investigation into the 

Effect of Profile Shape on the Performance of Aerofoils in Cascade. R. & M. 

No. 2384, 1950, British A.R.C. 

A limited theoretical investigation was conducted, into the effects of profile 
shape on the perfo 2 nnance of airfoils in two-dimensional cascades. Parabolic- and 
circular-arc cambers were compared. The optimum maximum-thickness position and the 
desirable Tna.n-iiTnnn thickness were likewise investigated. At low flow speeds, the 
parabolic-arc camber had a larger working range and was superior to the circular-arc 
camber airfoil. At high speeds, the circular-arc camber is better, because of the 
low critical Mach number of a parabolic-arc ceiaber airfoil. 

Moving the maximum- thiclmess position rearward helps by raising the critical 
Mach number but hinders by making the low-speed performance worse. The most suitable 
compromise for the best combination of good worlting range and fairly high critical 
Mach number appears to be with the position of maYirniTm thickness at 40 percent of 
chord (see surveys 125, 111, snd 118). Maximum thicknesses greater than 10 percent 
were found undesirable for cascade use. 

127. Marcinowski, H. : Messungen an Axialen Schaufelglttern fiir Verz6gerte 

Stromung. J. M. Voith (Heldenhelm) , VL- 13-105, Mar. 1946. (Cascades 

of Airfoils in Axial Compressors . ) 

An investigation was made to deten^ne the best blading for the last stator 
rows of multistage axial compressors. The effects of c amber ratio, Reynolds number, 
and Mach number variations are platted as curves of lift coefficient against angle 
of attack. Results indicate the deslrabi3JLty of \asihg thinner blades at lower 
solidities. 
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128. Sfaimoyama, Xoshlnorl; Teats of Cascades of Airfoils for Retarded Plow. MCA 

TM 1190, 1947. 

Wind-tunnel tests were conducted on airfoil cascades in decelerating flows 
corresponding to conditions in an axial-flow con^iresBor rotor. Single-airfoil re= 
suits in terms of lift and press\ire-drag coefficients comgpare favorably with results 
from tests on mean sections of the airfoils in cascade. 

129. Weinig, F., and Eckert, B.: Measurements on Compressor-Blade lattices. RACA 

TM 1193, 1948. 

Results of tests on the effects of Mach number on compressor blade lift and 
drag are presented. The flow directions were indicated visuelly upstream and down- 
stream of the cascade by means of streamers. Because short blades were used, the 
influence of the boundary layer on both the inner and outer walls of the circular 
cascade tunnel was considerable. Plots are presented of the curves of lift coeffi- 
cient against angle of_ attack and drag coefficient. 

130. Davis, Hunt; A Method of Correlating Axial-Flow-Conrpressor Cascade Data. 

A.S.M.E. Trans., vol. 70, no. 8, Rov. 1948, pp. 951-955. 

An empiriceC- method is developed for correlating wind-tunnel tests on two- 
dimensional airfoil cascades. Two correlation charts relating camber, solidity, and 
stagger angle with entrance single and turning angle are presented. Given any four 
of these variables, the fifth can be found by means of tlje charts. The construction 
of the charts is explained, and the sample set (for RACA 4-dlglt series) provided 
was based on tests of 40 different cascsdes at. low Msuih numbers . The Ban 5 >le set can 
be used directly for Mach numbers less than 0.4. For subsonic Mach numbers greater 
than 0.4, a simple computation scheme based on Eckert’s adaptation of the Prandtl 
correction is provided to correct the solution. For each chart all the profiles 
belong to one family of airfoils; a new chart would be required for each new family. 

Because the profile drag is not explicitly involved, it may require several 
trials of camber, solidity, and stagger variations to get“an airfoil with satisfac- 
tory drag characteristics. 

131. Ackeret, J. , and Hott, R. ; ijber die Stromung von Gasen durch ungestaffelte 

Profllgitter. Schweiz, feauzeltung, Jahrg. 67, 1949, pp. 40-41; 58-61. (Con- 
cerning the Flow at Gases Through Hon-Staggered Grids . ) 

Symmetrical airfoils were investigated at five angle settings for a range of 
thickness ratios. The measurements Included totsil and static pressures behind the 
trailing edges and static pressvixes on the airfoil surfaces and at the plane of 
symmetry between the airfoils. Schlieren pattenis are presented of the shock for- 
mations, and formulas for choking Mach numbers and maximum drag are derived. Theo- 
retical and experimental results agreed well. 

132. Sawyer, William T. : Experimental Investigation of a Stationary Cascade of 

Aerodynamic Profiles. Mitt, aus d. Inst. f. Aero., Heft. 17, Zurich, 1949. 

The effects of Reynolds number and turbulence on typical turbine blading were 
studied. A two- and three-dimensional e3q>erlmental evaluation of the continuum- 
cascade method (survey 245) of blade design is made. All tests were conducted at 
very low Mach numbers, 0.1 or less, for small pressure changes across the cascade. 
Hence, the flow is considered inconpresslble. An experimental correlation is made 
of the static pressures at blade midspan and of the blade forces. 
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The reaults and conclusions are as follows; (l) Direct measvtrements of cascade 
hlade forces "by use of a suitably accurate halance was found feasible j (2) a valid 
practical blade efficiency in terms of force cozoponents was defined for the cascade, 
^rtiich was used to reflect the influence of the flow variables investigated; (3) the 
minintum Reynolds number for satisfactory cascade performance was identified with 
lift breakdown; (4) various means of observing boundary-layer transition and separa- 
tion gave consistent results; and (5) the two-dimensional flow theory (survey 245) 
was confirmed, a cascade produced according to this theory having a mean turning 
angle within 1.1 percent of the desired turning angle. Discussions are presented 
about blade wakes, loss, turning angles, flow along blade surfaices, and tip-clearance 
effects . 

133. Finger, Harold B., Schum, Harold J., and Buckner, Howard A., Jr.: Ei^erlmental 

and Theoretical Distribution of Plow Produced by Inlet Guide Vanes of an Axial- 

Plow Compressor. HACA TN 1954, 1949. 

The performance of the inlet guide vanes of a multistage axial-flow compressor 
was Investigated experimentally and con®ared with the performance predicted on the 
basis of a cylindrical-cascade evaluation method. Experimentally, the outlet flow 
angle was found to be independent of the weight flow. The deviation angle increased 
near the hub and tip but remained constant over the main portion of the blades. For 
camber angles greater than 30° in this configuration, a critical Mach number was 
attained at a weight flow of 38.9 pounds per second per square foot, at which the 
lift coefficient begins to decrease with Increasing Mach number. The magnitudes of 
the flow velocities out of a blade row are calculated theoretically when given the 
flow angle and the total-enthalpy distributions. The method Involves relations ob- 
tained from the energy, contlmoity, and simplified-radial -equilibrium conditions. 

134. Constant, H. ; Note on Performance of Cascades of Aerofoils. Note Ho. E.3696, 

British H.A.E., June 1939. 

The performance of a cascade of airfoils is expressed in terms of deflection of 
the flow and total -pres sure loss. The design of blading for an axial-flow compressor 
is based on a radius at which 50-percent reac tion occurs. Under such conditions. 
Constant's empirical rule is 8 = 0.26 '^/s/c, where 8 is deviation angle, s is 
pitch, and c is chord. The effect of stagger is small. 

135. Llebleln, Seymour: Turning-Angle Design Rules for Constant-Thickness Circular- 

Arc Inlet Guide Vanes in Axial Annular Flow. HACA TN 2179, 1950. 

A survey of data taken from several axial-flow-conapressor inlet guide vanes 
leads to the establishment of a linear relation between the vane camber and air- 
turning angles. The guide vanes were circular-arc, constant-thlckness-sectlon air- . 
foils operating at zero angle of incidence for a range of solidities from 1.4 to 1.7. 
The inlet Mach number was 0.3, the convergent annular area ratio varied from 0.86 to 
0.95, and the tirrning angles varied from 12° to 40°. Cascade test data were obtained 
from survey 120. 

The linear relation of air turning angle 0 with vane camber angle <p at zero 
incidence is given for turning angles from 10° to 41° by 6 = 0.985<p - 9.7. By cor- 
recting the turning-angle data to constant axial velocity on the basis of the inlet 
velocity and assuming constant circulation, a design rule applicable for a wide range 
of axial-velocity ratio across the vanes is obtained; 

0 = - 0.0087<p2 + 1.492q> - 13.87 
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For vanes at Incidence angles t unequal to zero, the turning angles for hoth 
variations can be approximated for incidence angles from -10° to 5° by using 
dS/dy =0.88 for camber angles between 25° and 40°. 

136. Mortarino, C.: Esperimenti su una schiera di polettagi per congiressore. 

L'Aerotecnia, t. XXX, no. 2, Apr. 15, 1950, pp. 59-72. (Experiments on a 
Cascade of Blades for Conpressors. ) 

The experimental results of measurements made on a cascEkde of blades are pre- 
sented. The experiments had. three objectives: (l) to describe devices and proce- 

dures determining the characteristics of bleide cascades as a basis for axiai-flow- 
compressor design, (2) to compare experimraital results with theory, and (3) to obtain 
data for the design of nose sections and data concerning energy losses, the influence 
of boundary layers, and tip clearance. 

The experiments were conducted in the incompressible-flow range at Mach numbers 
of about 0.17 and Reynolds numbers of about 400,000 for a range of stagger and in- 
cidence angles. The aerodynamic characteristics were obtained by determining the 
forces from the measured pressure distribution around the profile suid by applying 
momentum considerations to measurements of velocities upstream and downstream. Flows 
on the surface were traced by the use of droplets of oil paint. 

The experiments showed clearly the three-dimensional nature of the flow. Theo- 
retical and experimental agreement were obtained when the measurements were corrected 
for the convergence of the streamlines (Ferrari correction, surveys 2 and 3) . The 
tip-clearance tests Indicated that small tip clearances are desirable (see survey 
230). 

137. Mortarino, C.: Esperimenti su alette in schiera per funzionamento a turblna. 

L'Aerotecnia, t. XXXII, no. 4, Aug. 1952, pp. 192-205. (Experiments on 
Blade Cascades for Turbines.) 

Tests for further experimental investigation of the Ferrari correction for 
streamline convergence (see survey 136) were conducted in the incompressible-flow 
range with a Mach number 0.17, Reynolds nuaibers about 400,000, and gap-chord ratio 
of 0.7. Flow surveys and flow-visualization methods were used. Many diagrams are 
presented of lift and drag coefficients and turning angles. 

Comparisons with the Ferrari formulas indicate that there is good agreement 
between the calculated and experimental slopes of lift coefficient curves. Curves 
of the drag coefficient against lift emphasize the great difference in performance 
between blades in cascades and as Isolated airfoils. For the tests conducted on 
cascades, the profile peak, efficiency point was the point of maximum lift. 

138. Briggs, William B.:' Effect of Mach Number on the Flow and Application of Com- 

pressibility Corrections in a Two-Dimensional Subsonic-Transonic Compressor 
Cascade Having Varied Porous -Wall Suction at the Blade Tips. HACA TR 2649, 

1952. 

Tests were conducted on HACA 65- (12) -10 blades using the porous wall techniques 
of survey 207 and extending the application into the conpresslble-flow range. The 
inlet flow Mach nimibers ranged from 0.12 to 0.89, Boundary-layer Suction slots were 
provided on the walls ahead of the cascade, and porous walls were used near the blade 
tips. The boundary-layer removal was controlled to satisfy (as measured experimen- 
tally) the two-dimensional continuity relation upstream and downstream of the cascade. 
The experimental data presented Include variations of turning angle, wakes, pressure 
distribution, and static pressure with Mach number, with and without boundary-layer 
control. 
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The -wall houndary-layer effects can he removed, with suction, and. good centerline 
agreement can he obtained experimentally in the stationary casca^ with theoretical 
values and values obtained In rotating cascades. 'Where suction was applied to a cas- 
cade of blades with an aspect ratio of 4 to 1, little effect was noted on the wahe 
at midspan. However, large effects were noted on the secondary flows, and the total- 
pressure loss measured at midspan was somewhat reduced. The use of suction stabilized 
the location of the stagnation point and decreased the shift of the peak, pressure co- 
efficient as the Mach numbers Increased. 

For turning-angle data alone, high-sx>eed tests or suction are not needed if con- 
figurations with 4 to 1 blade aspect ratio are used. When attempts were made to 
correlate pressure-distribution variations with Mach number, the low-speed data could 
be correlated only fairly well with hl^-speed data by means of various correction 
methods. The compressibility correction methods iised were the Prandtl-Glauert rule, 
the Kanuan-Tslen rule, and the author’s vector mean-velocity contraction coefficient. 
No consistently good agreement was obtained for any of the rules . 

139. Prince, David C., Jr.: Performance of a Cascade Designed for Prescribed Loading. 

Preprint Ho. 52-SA-40, A.S.M.S., 1952. 

Correction factors applied to potential-flow design methods were evaluated in 
order to correlate the performance of cascades in real and ideal fluids for axlal- 
flow-congpressor blade design. The tests were conducted at a Mach number of about 
0.1 and a Reynolds number of about 190,000. Boundary-layer suction was applied, and 
spoilers were used to provide turbulent boundary layers. The cascade was designed 
for a flat pressure-distribution curve on the blade suction surfaces. 

However, the flat pressure-distribution curve was not achieved. Many boundary- 
layer and secondary-flow problems were incurred and largely unresolved. (Even under 
good conditions the real flows at low Reynolds numbers did not approach theoretical.) 
With increasing angle of attack, the experimental-flow lift-coefficient deficiency 
and the downstream angle deviation increased vrfien compared with the theoretical 
potential flow. Fair correlation was obtained between the pressure distributions. 
There was a high ratio of real -fluid to potential-flow circulation. 

140. de Haller, P. : L’Influende de I’epaisseur du prof 11 sur les characteristlqu.es 

de grilles. Bull. Tech, de La Suisse Romande, t. 79, no. 9-10, May 16, 1953. 

(The Influence of the Profile Thickness on the Characteristics of the Cascade.) 

The variations in blade profile thickness account largely for the discrepancies 
between various approximation theories and the experimental values obtained for air- 
foil cascade parameters. Friction and boundary-layer effects were not included in 
the theory developed, as they do not account for the discr^ancies . 

141. de Haller, P. : Das 'V'erhalten von Tragflugelgittem in Axial verdlchtern und in 

■Windkanal. Brennstaff-Warme-Kraft, Bd. 5, Heft 10, Oct. 1953, pp. 333-336. 

(The Behavior of Aerofoil Grids in Axial Compressors and In a Wind Tunnel. ) 

Data obtained from two-dimensional grids are applied to axial -flow-compressor 
design, and the data provide reliable information, if no lateral contraction of the 
flow occurs throu^ the grid. Many fine compressors and turbines have been designed 
on the basis of two-dimensional cascade data, even for flow velocities up to Mach 
numbers of 0.84. 

142. Stanitz, John D. : Effect of Blade-Thickness Taper on Axial -'Velocity Distribu- 

tion at the Leading Edge of an Entrance Rotor-Blade Row with Axial Inlet, and 

the Influence of This Distribution on Allnement of the Rotor Blade for Zero 

Angle of Attack. NACA TN 2986, 1953. 
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A nominiform axlal-veloclty aistributlon may "be the result of many factors, 
some of which are as follows: (l) boundary layer on the hub and casing, (2) curva- 

ture of the hub and casing, (3) blade curvature, (4) radial variations In angle of 
attack, and (5) blade taper (radial variation of blade thickness). This report In- 
vestigates only the last factor. The effect of blade-thickness taper on the inlet 
axlal-veloclty distribution of an entrance rotor blade row with axial inlet flow Is 
studied. The investigation includes congiressible and Inconrpresslble nonvlscous flows 
Into an entrance rotor blade row with tapered blades and a two -dimensional cascade, 
respectively. 

For the configuration at hand, blade taper had a large effect on the inlet de- 
viation angle. The effect of compressibility was small, except at the hub, and the 
upstream relative velocity also had little effect. 

143. Schlichting, Herman; Problems and Results of Investigations on Cascade Flow. 

Jour. Aero. Scl., vol. 21, no. 5, Meir. 1954, pp. 163-178. 

A s umm ary of theoretical and experimental research results on the flow through 
two -dimensional, cascades is presented. Solutions of the direct and Inverse problems 
of two-dimensional Incompressible flow are obtained by a method of slngulaurlties. 

The subsonic congiressible solutions are obteiined by an extension of the Premdtl- 
Glauert rule. Using boundary-layer suction slots to keep the flows two-dimensional, 
experlmentaJ^checks are provided for the theoretical results. 

Annular caiscades of untwisted blades and various hub-tip radius ratios were 
likewise investigated and results compared with two-dimensional tests. For 
cylindrical-walled caacades, the effects of radial divergence (variation of solidity 
with raidlus ) on the pressure distributions and local loss coefficients aire extremely 
smell. In this regard, the two-dimensional viscous flow through catscaides wais treated 
by applying boundary-layer theory to obtain theoretical data for the loss 
coefficients . 


C. ROTATING BIAHE RONS 

144. Weske, John R., and Marble, Frank E.: Characteristics of Airfoils in a Cyllndiic 

Axial-Flow Grid. Jour. Aero. Sci., vol. 10, no. 8, Oct. 1943, pp. 289-294. 

An experimental investigation was conducted upon rotating cylindrical axial-flow 
caacades. Measurements were teiken of the pressure distribution at the airfoil mid- 
sections for several blade spacing and angular settings and various operating condi- 
tions. The data were used to determine the blade lift charaLcterlstics . The possi- 
bilities of supplementing the pressure-distribution meataurements by waike traverses 
in order to calculate the profile drag were e3Q>lored. 

For blatdes with a given twist, constaoat circulation spanwlse may be maintained 
at only one particular value of mid-section lift coefficient. The following results 
were obtained for small variations of the mid-section lift coefficient; (ij The 
lift characteristics at the mid-sections of blades of large pitch-chord ratios com- 
pare well with the lift chareuiteristics (e.g., with respect to the angle of attack 
for zero lift and the lift-curve elope) of the same airfoil section in indefinite 
flow and inf Inite . aispect ratio. (2) The maximum lift coefficient of a section in a 
widely spaced grid is larger than the maximum lift coefficient in infinite flow in 
a wind tunnel. This effect is perhaps due to centrifugal action on the blaide boundaury 
layer. (3) The angle of attack for zero lift increases eis the pitch-chord ratio de- 
creases. (4) The slope of the lift curve Increases as the pitch-chord ratio 
decreeises. " " - - 
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The last two results are perhaps attrlbutsible to the interference of neighboring 
blades due to circulation and blade-thickness effects. Because skin friction was 
neglected, the functional relation obtained between the lift coefficient and the 
angle of attack is only a first approximation. The wake traverses can be used to 
supplement the pressure-distribution measurements, particularly with regard to pro- 
file drag, if the flow surveys include measurements of flow direction and velocity. 

145. Marcinowski, H. ; The Significance of the Measured Lattice Characteristics for 

Calculation and Design of Axial Flow Turbines and Congtressors. (Vol. 13 of 
ser. of articles on Compressor and Fan Design written by German engineers, 
coordinated by BUSHire 338, Navy Dept. (Washington, • D . C .) , May 1946.) 

Two-dimensional flow through cascades was investigated to con^are the tnaviTnirm 
lift coefficient and the slopes of curves of lift coefficient against angle of attack 
and others for Isolated and cascade airfoils . Loss measurements were taken and loss 
coefficients are discussed. Rotor throttling curves and lose coefficients are pre- 
sented and discussed in terms of the choices of parameters (i.e., profile, camber, 
stagger angle, etc.) involved in rotor blade design. The discusBion is quElltative 
and inconclusive. 

146. Davis, Hunt; Use of Cascade Tests, Airfoil Tests, and Single Stage Teste for 

Determination of Axial -Flow Compressor Design. BUSHIPS, Navy Dept. (Washington, 
D.C.), June 1946. 

The performance data obtained by cascade tests are limited in value because of 
the differences between stationary and rotating conditions. Blngle-airfoil and 
single-stage tests neglect the mutual Interference effects of neighboring airfoils. 
Neither the turbulence factors nor the boundary-layer effects at the blade tips are 
taken into account. Nevertheless, each of the three tests, cascade, airfoil, and 
single-stage, gives some useful data and design information. 

147. Runckel, J. F., and Davey, R. S.; Pressure-Distribution Measurements on the 

Rotating Blades of a Single-Stage Axial-Flow Compressor. NACA TN 1189, 1947. 

Pressure-distributions were measured about the mean-radius section of rotating 
blades at a blade Mach number of 0.35 with an NACA multicell rotating pressure- 
transfer device. The lift-curve Blcpe was found to be lower than the values esti- 
mated theoretically from comparable two-dimensional cascades. The need for and use 
of cascade test data to deterfiiine blade-angle settings are shown. 

Stalling of the flow was found to originate at the root and tip sections be- 
cause of casing boundary layers. Improper blade twist, and large clearances. The 
stalling occurred sooner (lower outlet pressures and higher weight flows) than ex- 
pected from isolated-airfoil maximum-lift data. 

148. Pochobradsky, B.; Effect of Centrifugal Force in Axial-Flow Turbines. Engi- 

neering, vol. 163, no. 4234, Mar. 21, 1947, pp. 205-207. 

Conditions are established for obtaining constant mass flow per unit area at 
the exit of turbine-nozzle diaphragms . The losses are assumed small, and the radial 
increments of pressure due to centrifugal force and compressibility are taken into 
account. Specific examples are given of the radial variations of exit flow angles. 
Free-vortex flow was found to require a radial shift of streamlines. 

149. Bogdonoff, Seymour M., emd Herrig, L. Joseph; Performance of Axial -Flow Fan 

and Compressor Blades Designed for High Loadings. NACA TN 1201, 1947. 
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Four rotor bladee of free- vortex flov design vlth design pitch section lift 
coefficient from 0.31 to 0.99 Were tested. The blades were designed for higher peak 
loading than were in use at the time of the report, Yaw angles and pressures were 
surveyed. The blades gave a maximum peak efficiency of around 96 percent. Low load- 
ing caused a decided drop in peak efficiency. Leading-edge roughness caused a drop 

in both the efficiency (from 2^ to 3 percent) and pressure rise (from 11 to 15 per- 
cent) at the design point. 

With solidities near 1, design lift coefficients approaching 1 can be used with 
high efficiencies. A maximum lift coefficient of at least 1.4 is obtainable. The 
measured performances were close to those obtained in survey 121. 

150. Bogdonoff, Seymour M., and^Hess, Eugene E. : Axial-Flow Fan and Compressor 

Blade Design Data at 52.5° Stagger end Further Verification of Ceisoade Data by 

Rotor Tests. MACA TN 1271, 1947. 

In an attempt to increase the aecuracy of existing design charts and to measure 
their precision, cascade and blower tests were conducted to obtain the performance 
of blades in a rotating configuration. The report follows survey 121. The tests 
are conducted on MACA 65-410, 65-810, and 65-(l2)l0 blower-blade sections at solidi- 
ties of 1.0 and 1.5. 

Cross plots show that over a range from 44° to 65°, the turning angles predicted 
on the basis of cascade tests are within l/2 percent of those obtained in the rotat- 
ing setup. The high loading of the MACA 65- (12) 10 blades appears to be a limit be- 
yond which cascade-tunnel data are questionable. For blades with higher loading, 
slight changes in tunnel adjustment may produce tunnel -wall stall and greatly change 
the blade performance. For these reasons, data obtained for MACA 65-(18)10 blades 
have been omitted. 

151. Herrig, L. Joseph, and Bogdonoff, Seymour M. ; Performance of an Axial-Flow 

Compressor Rotor Designed for a Pitch-Section Lift Coefficient of 1.20. MACA 

TN 1388, 1947. 

Compressor blades with higher cambers than could be tested successfully in 
survey 122 were tested in a single-stage blower. I^rw-speed tests were made of the 
highly cambered blades in an axial-flow-cqmpressor rotor with no guide vanes or 
stator blades, with uniform inlet -velocity (^stributlon, and with little boundary 
layer. Under these conditions, rotor ^ficieocies of 96 percent were obtained for" 
blades with a mean lift coefficient of 1.2. 

In more detail, the rotating tests showed an increase in design loading to be 
possible, GEcusing the pressure ratio per stage to increase while maintaining a good 
operating range and a 96-percent peak efficiency. Deviations of the peak efficiency 
from the design point indicate that optimum performance of higher camber sections 
would occur at lower angles Qf .attack, _ At a solidity of ~ 1.0, an average lift coef- 
ficient of 1.2 can be obtained with good efficiency, and maximum lift coefficients 
above 1.4 are indicated. 

Extreme leading-edge roughness caused an efficiency drop of 3.5 percent suid an 
11 -percent drop in pressure rise at design conditions. 

152. Bogdonoff, Seymour M. : N.A.C.A. Cascade Data for. the Blade Design of High- 

Performance Axial-Flow Compressor. Jour. Aero. Sel,, vol. 15, no. 2, Feb. 

1948, pp. 89-95. 
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The resizlts of this Investigation, Indicate that information on turning angle and 
design angle of attack obtained low-speed tests can he used for high-speed design. 
The Mach number for critical speed tiirned out to he 4 to 5 percent higher than ob- 
tained by the Karman-Tsien extrapolation. Extrapolation of low-speed rotor test re- 
sults to compressor stages operating at efficiencies of 90 percent and below a crit- 
ical Mach number indicates an obtainable pressure ratio of 1.4. Increased compressor 
performance can be obtained by use of 6-percent-thick tip-section blades instead of 
10-percent-thlck blades. The limiting Mach number is 3 to 4 percent higher for the 
6-percent-thick blades. 

153. Khalil, K. H. : Wind Tunnel Investigations on Rotating Blades of Aerofoil Sec- 

tion. Proc. Inst. MechTEng., vol. 166, 1952, pp. 419-428. 

This investigation was to enable the use of static tests for rotating design. 

The pressure and lift characteristics of rotating blades are compared with those ob- 
tained for the same blade types at rest. Two important experimental results are ob- 
tained, the similarity in press;ire diagram shapes, and the significance of a ”spin" 
factor. A close similarity is shown in the shapes of the pressure dlegr aTtiR for the 
rotating and static blades at the same incidence angles and radial position. How- 
ever, the lift and circulation values are different, being smaller at the inner and 
greater at the outer radii for the rotating blades. 

When the system of trailing vortices is compared for rotating and stationary 
cases, the difference along the span depends only on the speed of rotation. This is 
probably caused by added uniform vortex strength, which is a true indication of the 
results of rotation. Thus, test results from stationary to rotating blades in wind 
tunnels may be corrected by adding the effects of a vortex of rotation of uniform 
strength . 

154 . Khalil, K. H. : Rotational Effects on a Cascade of Aerofoil Blades . The En- 

gineer (London), vol. CXCIII, no. 5030, June 20, 1952, pp. 831-834. 

The optimum pitch for a cascade under rotational conditions is determined in 
comparison with that obtained by simple cascade tests. Pressure distributions around 
a blade section were obtained for a range of incidence angles by varying the compo- 
nents of the flow, the axial velocity (keeping the resultant velocity constant at 70 
ft/sec), and the rotational speed over a range from 50 to 800 rpm. The pitch and the 
nuinber of blades were varied, but the product of the pitch times the number of blades 
was kept constant. 

When the rotating blades were compared with stationary blades having the same 
sections, the circulation of the rotating blades was found to be diminished. The 
effect of the rotation increased as the number of blades Increased. With shrouding, 
the pressure-distribution diagrams showed changes near the leading edges rather than 
near the trailing edges. 

155. Lleblein, Seymour; Theoretical and Experimental Analysis of One-Dimensional 

Compressible Flow in a Rotating Radlal-IhXet Impeller Channel. HACA TN 2691, 

1952. 

Passage m^an-flow characteristics in a radial -Inlet impeller channel are obtained 
from a one -dimensional compressible-flow analysis. A theoretical investigation of the 
flow in em Impeller channel with convergent-divergent area showed the critical section 
of the rotating channel weis located upstream of the gecmetrlc throat. The effect of 
losses on the flow was similar to the effect obtained by reduction of the flow area. 
The mean-flow behavior in another radial -inlet impeller was similar to flow along a 
rotating radial channel, in vriilch the effective flow area at the inlet varied with 
the operating point. 
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156. Finger, H. B. : Method of Exi»erlmeTltally Determining Radial Dietrlhutlons of 

Velocity Through Axial -Flow Compressors. NACA TH 2059, 1950. 

A method is presented for determining the velocity distribution downstream of 
a compressor bl&de row for. given totri temperature, total pressure, and relative 
flow angles. The results of this analysis are in good agreement with experimental 
results obtained on a ten-stage compressor. The predicted and measured wall static 
pressures give good checltB. 


D. COMPRESSOR PERFORMAHCE AND CHARACTERISTICS 

157. Slnnette, John T., Jr., Schey, Oscar W., and King, J. Austin: Performance of 

NACA Eight-Stage Axial -Flow Compressor Designed on the Basis of Airfoil Theory 

NACA Rep. 758, 1943. (Supersedes NACA WR E-1. ) 

The development, construction, and testing of an eight-stage axial-flow compfes 
Bor are described. The design theory of a typical axiaLL-flow-comrpressor stage, de- 
veloped directly from basic adrfoll-theory fundamentals, is presented. A physical 
description of the eight-stage compressor discusses dimensions, construction, oper- 
ation theory, test procedures. Instrumentation, and precision of meatsureiments . The 
design basis of each stage weis the symmetric velocity dlagraum and radially constant 
axial-velocity component. The rotor was tapered to produce an increase in axial 
velocity from inlet to. outlet . 

The perfonmance tests were first made with rotor speed ats a parameter auid with 
compressor efficiencies based on total-pressure meausurements at the discharge of the 
last stator row. Ih order to permit evaluation of the compressor performance at any 
desired inlet-air temperature, the data were then presented in terms of a nondimen- 
sional patrameter, Mach number. This proved to be the superior procedure. 

Axial-flow compressors of high efficiency (87 percent at a pressure ratio of 
3.42) can be designed by the proper application of airfoil theory. 

158. Eckert, B., and Nelnlg, F.; Axial Flow Compressor Designed for 505t Reaction. 

BUSHIRS 338, vol. 11, May 1946. 

Three 50-percent reaction atxlal-flow compressors were tested experimentally to 
check on the efficiency of compressor design calculations for certain turbojet en- 
gines. (The reaction of a stage is the fraction of -^e pressure rise occurring in 
the rotor.) The resilts indicate that the total pressure and the flow capacity are 
markedly affected by the distribution of static-pressure rise between the rotor and 
the stator. For given limiting Mach numbers, the total pressure developed cam he 
increatsed, if the aumount of reaction is limited to 50 percent. The significance is 
that the static-pressure rise per stage determines the numiber of stages required. 
Satisfactory agreement was obtained between theory and experiment. 

Flow regulation hy means of stator adjustment was attempted but was neither 
efficient nor worthwhile. Hub fairing ves necessary to reduce tendencies toward 
flow separation auid poor velocity distributions at the rotor inlet. The exaict shape 
of the fairing was not critical. 

159. Eckert, B.: A Collection of Compressor Test Resists. BUSHIP3 338, vol. 22, 

Navy D^t,, May 1946. 

A summary of various compressor test results is presented, containing appixjxl- 
mately 90 characteristic plots of compressor performance. The coefficients used to 
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plot the con^ressor characteristics are explained, and the methods of obtaining them 
from tests are described. The effects of Reynolds number and Mach nutrtoer variations 
on compressor design are defined. 

160. Eckert, B.: Recent Results on High-Pressure Axial Blowers. MAGA TM 1128, 

1947. 

The proper aeroclynamlc design of Inlet ducts to aclileve hlgh-efflclency opera- 
tion and high pressure rise Is discussed. The study Includes the effects of liub 
shrouds, diffuser shapes, partial admissions, radial clearances, blade shapes, and 
roughness. Pressed sheet-metal blades were found as good els streamlined shapes. 

161. tfeske, J. R., Rubin, B. Z., and Gardiner F. J. ; AxIelL Supercharger XI-2220 

Engine - Theory for Design of Axial Flow Compressors. Eng. Dlv., Chrysler 
Corp., June 9, 1945. 

The performance anELlysls and calculation procedures are presented for an axial- 
flow compressor of symmetric -velocity-diagram flow, which Is compared with a vortex- 
flow design. Much larger pressure Increases can be obtEtlned for given limiting con- 
ditions by the symmetrlcal-veloclty-dlagram type. However, some .slight efficiency 
decreases result as well, and special Inlet and outlet stages are required. Compu- 
tations for these stages are provided. 

162. Jarre, Gianni: Un nuovo tipo dl stadlo dl compresslone per compressor! asslall. 

L'Aerotecnlca, t. XXVTII, no. 4, 1948, pp. 199-205. (A New lype Compression 
Stage for Axial Compressors.) 

The stage performance of an axial -flow conpreasor is analyzed, and a slnpUfled 
two-dimensional calculation procedure for multistage compressors Is e::q)lalned. Nu- 
merical calculations demo n strate the poBBibiUtles of reducing the number of stages 
required for a multistage compressor. 

163. Ponomareff, A. I.: Axial -Flow Compressors for Gas Turbines. A.S.M.E. Trans., 

vol. 70, no. 4, May 1948, pp. 295-306. 

The operating principles, characteristics, design, operation, types, character- 
istic curves, and gaa-turblne requirements for axial -flow compressors are presented 
Eind explained. 

164. Mankuta, Harry, and Guentert, Donald C.; Investigation of Performance of Single- 

Stage Axial -Flow Compressor Using KACA 5509-34 Blade Section. NACA EM E8F30, 

1948. 

The performance of a single-stage axial-flow compressor using blades with an 
NACA 5509-34 Eiirfoll section was investigated. The blEides were designed with a hub- 
tip radius ratio of 0.8 In order to correspond to the middle stages of a compressor. 
The stators were designed to rejuove the vortex mrotation added by the rotor. A sym- 
trlcal velocity diagram at the rotor hub position weis used. The blade setting angles 
were taken according to survey 319. 

The performance was evaluated in terms of three different blade-loading param- 
eters: turning angle, lift coefficient, and the ratio of the chsinge In tangential 

velocity to mean axl a1 velocity. The over-all performance results Eire presented 
(maxlmmim total -pres sure ratio, 1.262j miaxiiaum eidlabatlc efficiency, 0.84 at design 
speedj and equiveilent weight flow, 10.5 Ib/sec). Since instrumentation difficulties 
were encountered, the results are considered only quEditatlvely correct. 
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165. Burtt, Jack R.: Investigation of-PerfoiTnance of Typical Inlet Stage of Multi- 

stage Axial -Flow Compressor. NACA BM E9E13, 1949. 

Analyses have indicated that a compressor design based on constant toteOL en- 
thalpy radially with a symnetrlcal velocity diagram at all radii has advantages over 
a vortex-flow design compressor (see survey 183). Accordingly, a compressor inlet 
stage, designed on this basis, was tested and studied. Typical inlet-stage values 
were used, that is, a hub-tip radius ratio of 0.5 and an axlal-veloclty-component 
to tip-speed ratio of 0.60. The rotor and stator blades hsid a modified NACA 
65-(l2)10 profile, constant from hub to tip. Blade setting singles were calcu3s.ted 
according to survey 113. The Instrumentation was the same as for survey 164, and 
the data were calculated by the method of survey 121. The rotor blade performance 
indicates that the turning angles and the energy addition at design weight flow were 
low congjared with design values. These results were attributed to miscEilculation of 
the turning-angle deviations near the rotor blade tips. 

Nevertheless, at off -design conditions, good weight-flow, pressure-ratio, and 
efficiency characteristics were observed. The high rotative speed of such sin inlet 
stage permits higher presstire ratios in the later stages of a compressor. The use 
of veriable-cenflDer- blades may have improved the stage performance over a wider 
weight-flow range. This investigation is followed by survey 172, a study to reduce 
the wheel speed and pressure ratio but obtain inerestsed mass flow. 

166. Martinuzzl, P, F.; Continental and American Gas-Turbine and Compressor Calcu- 

lation Methods Compared. A.S.M.E. Trans., vol. 71, no, 4, May 1949, pp. 325- 

333. 

The European methods for calculating axial-flow-coBqjressor blading involve 
dimensionless velocity triemgles, the characteristics in terms of a pressure coef- 
ficient, flow coefficient, profile "glide" angles, and degree of reaction. The 
blading types, given In terms of their velocity triangles at the pitch diameter, 
include axial discharge from rotor, symmetrical stages, stages with axial rotor- 
inlet flow, and stages with symmetrical stators. Constant axial velocity radially, 
constant circulation, and free-vortex flow between blade rows are asB^uned. 

The various blading types are compeu^d and ax^lied. 

167. Bowen, John T., Sabersky, Rolf H,, and Rannie, W. Duncan: Theoretical and Ex- 

perimental Investigations of Axial Flow Congiressors, Pt. 2, Mech. Eng. Lab., 

C.I.T., July 1949. (Navy Contract N6-0RI-102, Task Order IV.) 

To examine closely the validity of the design theory of survey 37, extensive 
and detailed flow measurements were mads la’ the test compressor, and boundary-layer 
behavior and friction losses were also investigated. 

The study of this proposed design theory, which uses the exit angle as a basic 
parameter in place of the lift coefficient and a new linearizing procedure, is con- 
ducted by conparlng two blade types, vortex and wheel. The theory assumptions are' 
classified as three msdn types: (l) perfect fluid assimptlons, (2) assunptlons con- 

cerning exit-flow angles, and (3) linearizing assumptions. Test results indicate 
that the theory yields accurate results in predicting the flow characteristics at 
design and off -design conditions, based on coaparisons of the velocities and total 
pressure at flow conditions for which assumptions (l) and (2) are valid. Assumption 
(l) was valid Tdien no part of the blade was stalled. The over-all perfonnance was 
predicted accurately near the design point, which was close to the maximum-efficiency 
point. The free-vortex and solid-body blading showed nearly the same efficiencies, 
and the exit angles were insensitive to inlet-angle changes. The efficiency in- 
creased with Increasing Reynolds numbers. 
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The Investigation into the cascade "boundary layers and. losses disclosed infor- 
mation concerning the location and extent of losses encountered in a turhomachlne. 

■ The mlnlimim total -pres sure loss and incidence angles for low loss can he predicted 

for a two -dimensional cascade. Careful measurements of hlade-surface-frictlon losses 
(total -pressure losses in the cascade) were made. The total -pressure losses in the 
compressor cascade were twice those measured or calculated for equivalent two- 
dimensional cascades in steady flow. The apparent flow incidence-angle range for 
low losses is comparably smaller. These results Eire attributed to secondary flows 
(see siirveys 230 to 234) and periodic velocity fluctuations in entrance velocity 
^ (see STirveys 53 to 59, and 69). 

05 

CO 

05 The studies indicate that the wall boundary-layer growth was moderate in the 

test cong)ressor and depended largely on the blade design (survey 231) . Hl^ losses 
were found near the inner and outer walls. An apparent "area contraction" of the 
compressor flow stream may be attributed to wall Eoad blade bound ary-layer effects. 

168. Howell, A. R., and Bonham, R. P. : Over -All and Stage Characteristics of Axial 

Flow Conqpressors . Proc. Inst. Meeh. Eng., vol. 163, 1950, pp. 235-248. 

A method is developed for deriving the characteristics of multistage axial-flow 
compressors from the characteristics of the individual stages for a range of operating 
conditions. This proposed design method enables the single-stage characteristics to 
be predicted, designed, and thus extended to the over-all characteristics for the re- 
quired design conditions. The effects of blade and test errors on performance are 
discussed. 

169. Erwin, John R., and Schulze, Wallace M. : Investigation of an Impulse Axial- 

Flow Compressor. NAGA H(t L9J05a, 1950. 

Because of the static-pressure rise, the total-pressure coefficient obtetinsble 
in conventional axial-flow conqpressors is limited to a maximum of approximately 1.0 
by separation losses, when the turning angles exceed 30°. Turning the flow without 
a static-pressure rise extends the limit of turning angle and makes hi^er pressure 
coefficients possible. This Investigation was made to determine the possibilities 
of applying the constant-pressure (impulse) principle to Euclal -flow compressors. 

Blade sections developed by cascade tests were used in the design of a rotor 
with 75° turning and a totEil-pressvire coefficient of 2.4. Rotor tests were conducted 
at low speeds both with and without stator blades and without inlet-guide vanes. For 
example, rotor operation produced a total-pressure coefficient of 2.3 with an effi- 
ciency of 98.3 percent. 

The operating behavior of the single-stEige impulse compressor was similar to 
conventional single-stage operation. Extrapolation of the results to higher subsonic 
speeds indicates that the Intpul-se compressor can produce the pressure rise per stage 
of a conventional conpresaor, but at i-educed rotational speeds. There may be accom- 
panying losses in specific mass flow and efficiency. At supersonic speeds, the im- 
pulse conpiressor should yield a stage pressure rise equal to the conventional super- 
sonic axial -flow compressor and operate at reduced rotational speeds. Again, there 
may be losses in specific weight flow. 

170. Mahoney, John J., Dugan, Paul D., Budinger, Raymond E., and Goelzer, H. Fred; 
Investigation of Bleide-Row Flow Distributions in Ax1ei1-F1ow Ccaapressor Stage 
Consisting of Guide "Vanes and Rotor-Blade Row. HACA RM E50G12, 1950. 

A 30-inch-tip-diameter axial-flow compressor stage was investigated with and 
without the rotor to determine Individual blade-row performance, Interblside-row ef- 
fects, and outer-wall boundary-layer conditions. Angle settings were made according 
to survey 113. 
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With no rotor, flow-angle discrepancies were observed at the root smd tip of 
the guide vanes. However, the design assuiaption of simplified radial equilibrium 
was satisfied when corrected angles were considered. For the medium and high weight- 
flow ranges, an inlet Mach number correction, is not siifficlent to account for the In- 
creases in the guide-vane-exlt flow angles at the hub and tip. With the rotor in- 
stalled, the design assumption of simplified radial equilibrlinn is invalid. 

Curves of the measirred variations of turning angles aczK^ss the rotor with angle 
of attack paralleled curves obtained from two-dimensional-cascade data but gave 
higher turning angles. Tip stall was obtained at JLower angles of attack than in the 
two-dimensional cascade. The boundary -le^er dlsplecement thickness was small aft» 
the guide vanes and the rotor (less than 1.0 and 1.5 percent of passage height, re- 
spectively) but increased rapidly after the rotor when tip stall occurred. 

171. Moses, Jason J. , and Sefovy, George K. ; Effect of Blade-Surface Finish on Per- 

formance of a Single-Stage Axial -Flow Compressor. KACA RM E51C09, 1951. 

The performance of a single-stage axial-flow congjressor was investigated under 
conditions of varying blade-siirface roughness. The blade surfaces were successively 
rough-machined, hand-filed, and highly polished. The compressor wais operated over a 
range of weight flows at six equivalent tip speeds from 672 to 1092 feet per second, 
for relative inlet Mach numbers from 0.36 to 0.85 at the rotor mean reuUus, and for 
Reynolds numbers from 222,000 to 470,000. 

Surface-finish effects' were meatsiired by the total -pressure ratio and efficiency 
effects observed. The surface-finish effects decreased with increasing compressor 
speed and with decreasing weight flows at a fixed speed. Finishing the blade sur- 
faces beyond a point considered aerodynaiiiically smooth (from eua admissible roughness 
formula) will not affect compressor performance,” except at operating points where 
blade friction losses may be an Important fraction of the total losses. 

172. Burtt, Jack R., and Jackson, Robert J. : Performance of Single-Stage Compressor 

Designed on BaslB'. of Constant Total Enthalpy with Symmetrical Velocity Diagram 
at all Radii and Velocity Ratio of 0.7 at Rotor Bib. NACA RM E51F06, 1951. 

The basic compressor design variables were analyzed in survey 163, and it was 
found that good performance may be obtained from a compressor designed for constant 
total enthalpy radially and a symmetrical velocity diagram at all radii. A coinpres- 
sor of this design, with a hub-tip radius ratio of 0.5 and a ratio of axlsO. velocity 
to tip speed of.Q.6 Upstream of”^;he rotor hub, is Investigated in survey 165. This 
conpressor had high pressure ratios at high rotative speeds. 

This investigation was conducted on a compressor designed for an axial-velocity 
to tip-speed ratio of 0.7 at the rotor hub to reduce wheel speeds and pressure ratios, 
but increase mass flows. 

The results indicate a 12-percent increase In mass flow at peak presstire ratios 
somewhat higher than the earlier compressor, but with greatly reduced efficiency. 

The low solidity and hl^ stagger angle near the rotor tip combined to produce a 
rapidly peaking curve of stage-element efficiency. The good efficiency range for a 
given speed is narrow. Near the huh, the efficiency is nearly constant over the 
range of weight flows investigated, assuming the streamlines there' follow the hub 
contours . 

The tenrperature-riae energy addition at a given speed increased from hub to tip. 
With change in weight flow, the greatest rate of change of energy addition likewise 
occurred at the tip.” ^ 
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173. Panettl, Modesto; Uiaa ipotesl llmlte per 11 calcolo della caratteristlca del 

compressor! asslall. La Termotecnlca, t. 5, no. 1, 1951, pp. 5-10. (A Limit 

^rpothesls for the Calculation of the Characteristics of Axial Compressors.) 

With the assumption that the discharge angle remains constant for the entire 
range of Inlet angles, laifs cdhceiulng the variation of lift and the pressure rise 
per stage as functions of incidence angles and Inlet velocities are determined. 

These results agree well with experimental data and appear to he good approximations 
for cascades with solidity of approximately 1, for operation not near stall condi- 
tions. The Influence of viscosity and friction losses on a pressure-volume charac- 
teristic are accounted for hy assuming a reduced exit area as a res\ilt of houndary- 
layer growth. 

174. Panetti,. Modesto: II compressore assiale sperlmentale del laboratorio dl 

aeronautlca dl torlno. La Hicerca Scl., t. 23, no. 9, Sept. 1953, pp. 1639- 

1644. (The Experiment al Axial Con^iressor at the Aeronautical Laboratory of 

Turin. ) 

The operational characterlstlcq and design details of a free- vortex-design com- 
pressor having a synaaetrlcal velocity diagram at the mean section (the Franco Tosi 
experimental axial-flow conpreasor) are presented. High efficiencies were obtained 
in the normal operating range. 

175. Taylor, R. G. ; Some Blade Designs for an Axial -Flow Compressor Stage. Jour. 

Roy. Aero. Soc., vol. 58, no. 517, Jan. 1954, pp. 61-64, 

The over-all conditions In a single stage without guide vanes are discussed 
for three cases: (l) the static-tenperature rise in the rotor and stator are equal 

(constant reaction with radial equilibrium), (2) the Mach nmber of the resultant 
flow is constant radially at the rotor inlet, and (3) a combination of (l) and (2). 

No information is presented to indicate whether any (or all) of these designs 
is suitable or practical. 

176. New, W, R., Redding, A. H, , Saldln, E. B., and Fentress, K. 0.; Basic Coapres- 

sor Characteristics from Tests of a Two-Stage Axial -Flow Machine. A.S.M.E. 

Trans., vol. 76, no. 3, Apr. 1954, pp. 473-481. 

Experimental results Eire presented for axial-flow-conpressor stage performance 
over a range of Mach numbers from 0.3 to 0.9 and a range of Reynolds numbers from 
50,000 to 500,000. At subsonic velocities, the tests show that the attainable pres- 
sure ratio per stage stnd efficiency depend on the Reynolds and Mach numbers. Many 
diagrams are presented to visualize these relations. The results are presented in 
pairs of plots showing first, a basic efficiency and stage pressure ratio as func- 
tions of velocity ratio with the Reynolds number as a parameter, and second, a Mach 
number co 2 rrectlon for each plot. 

177. Poster, D. V.: The Performance of the 108 Compressor Fitted with Low Stagger 

Free Vortex Blading. Rep. No. R.116, British N.G.T.E., June 1952. 

Tests were conducted on a large three-stage conpressor designed especially for 
detailed three-dimenslonel flow Investigations. The main errors in the accuracy of 
the measurements were attributed to unsteady flow and speed fluctuation effects (see 
surveys 53 to 59, and 69). The test characteristics of the first set of blades were 
compared with the theoretlcEil performance calculations. The tests were conducted 
with and without guide vanes. The following results Euid conclusions were obtained: 
(l) The compressor proved to be suitable for its designated purpose. (2) The effect 
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of blade position on the measured static pressure vas v^y l^ge. (3) The deviations 
at the mean diameter, smaller than those obtained with a two-dimensional flow config- 
uration, permitted increased work capacity of the compressor. In those cases where 
the inlet guide vanes produced the two-dimensional outlet angles, the first-stage 
characteristics were different from the charsw:terlstics of the other two stages. 

( 4 ) The velocity profile did not degenerate rapidly (see survey 213) . This fact Is 
attributed to good flow conditions near the blade ends. (5) ffigh efficiencies, ob- 
tained over a wide range of mass flows, were considered to result from good velocity 
profiles. (6) Usual methods of calculating on- and off -design performance, stage by 
stage, yield predictions of performance lower theui obtained in test results. 

Surging and stalling are discussed briefly. 

178. Kantrowltz, Arthur: The Supersonic Axial-Flow Compressor. KACA Rep. 974, 1950. 

(Supersedes HACA ACR L6D02.) 

The advantages and disadvantages of supersonic compressors are discussed In an 
attempt to obtain the Inherent advsuitages of large Increases in pressure ratio per 
compressor stage and high mass flow at good efficiencies, thereby effecting savings 
in weight and size. The wave systems at the entrance regions of a cascade and the 
losses due to waves extending upstream in supersonic flows are studied. Methods of 
eliminating the waves and accompanying losses in supersonic flows and of confining 
the strong waves entirely within the cascELde passages are discussed. The concluBlons 
reached from this discussion and a discussion of starting conditions are that com- 
pressors operating with relative Mach numbers conslderEtbly above 1,0 are more likely 
to be of practical interest than those operating near relative Mach number 1.0. 

Three design types are analyzed in some detail: (l) supersonic relative veloc- 

ities entering and leaving the rotor having a subsonic stator, (2) axpersonie rela- 
tive velocities entering and decelerating through normal, shock to subsonic flow in 
rotor, with subsonic flow in the stator, and (3) subsonic flow in the rotor, with 
supersonic inlet flow to stator and deceleration to subsonic flow through normal 
shock in the stator passages. 

A compressor of the second design type, deceleration through shock in the rotor, 
was constructed and tested (at conparable Mach numbers in Freon-12, see survey 203) . 
Other results and conclusions obtained are as follows: (l) The transition from sub- 

sonic to supersonic flow occurs smoothly. (2) Pressure ratios of about 1.6 and ef- 
ficiencies of about 80 percent were obtained. The need for stronger blading and 
higher solidity was indicated by the teste. (3) The volume flow was close to theo- 
retical values. ( 4 ) Higher efficiencies could be obtained by methods of controlling 
the wave formation in a specified fswhion. (5) Efficient supersonic compressors can 
be designed of much higher stage pressure ratios and somewhat higher mass flows than 
attainable by subsonic compressors. (6) The starting of a supersonic compressor with 
subsonic axial velocities wiU. not Involve undue difficulties. 

179. Loeb, W. A. : A Study of the Supersonic Axial-Flow Compressor. Jour. Appl. 

Mech., vol. 16, no. 1, Mar. 1949, pp. 19-26. 

An analytical study is presented of two kinds of conpressors, one with a normeil 
shock in the stator entrance, the second with a normal shook in the rotor entrance. 
The analysis is one-dimensional and assianes idealized blade-element flow, in which 
radial and friction effects are ignored. Curves arfe drawn for the pressure ratio 
and efficiency as functions of a dimensionless wheel ■^speed parameter. 

The compresBor with normal shock In the stator entrance is considered the supe- 
rior one. Its strongest restriction is the Mach number limitation in the rotor. 

The influence of limitations on blade entrance angles is discussed. 
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E. COMPBESSOR VARIABLES, PABAMETERS, AND VELOCITY DIAQRAMS 

180. Eckert, B.: The Influeiice of PhyBlcal DlmenslonB (Such as Hub; Tip Ratio, Clear- 

ance, Blade Shape) and Flow Conditions (Such as Reynolds Number and Mach Num- 
ber) on Compressor Characteristics. Pt. A - Summary of the Results of Re- 
search on Axial Flow Compressors at the Stuttgart Research Institute for 
Automobiles and Engines. W.A.C. Eing. Trans. No. 22, Wright Aero. Corp. (Vol. 

3 of ser. of articles on Compressor and Fan Design, written by German engineers 
coordinated by Code 338, BuShlps, Navy Dept. (Washington, D.C.), May 1946.) 

A summary of the results of research on axial-flow compressors at Stuttgart is 
presented, including methods for calculating axlal-flow-compressor performance, means 
of increasing stage pressure ratios (e.g., by higher wheel speeds, manufacturing 
precision, and operation at higher Reynolds numbers), and influence of diameter ratio 
efficiency, staging effects, and Reynolds number. 

The Influence of diameter ratio on the characteristics and velocity diagram of 
axial-flow con^resBors is discussed. Experimental results and some theoretical cor- 
relation are provided. The general conclusion is that increase of diameter ratio 
causes the . attainable pressure coefficient, the throttling coefficient, and the max- 
imum efficiency all to decrease. 

The influence of radial clearance of the rotor on conpressor efficiency is also 
shown. Both test results and theory are described. The results, which were both 
qualitative and inconclusive, found that efficiency decreased as tip clearance 
Increased. 

181. Eckert, B., Pfluger, F., and Welnlg, F. : The Influence of the Diameter Ratio 

on the Characteristics Diagram of the Axial Compressor. NACA TM 1125, 1948, 

The influence of diameter ratio on the efficiency and the pressure coefficient 
of an axial coagxreasor was investigated. The diameter ratio was found to be very 
important for highly loaded axial -flow compressors. The maximum attainable pressure 
coefficient and efficiency are shown to be functions of diameter ratio, specific 
speed, and throttling coefficient. Both the maximum pressure coefficient and the 
optimum efficiency decrease with an increase in diameter ratio. These effects are 
attributed to Increased drag effects due to the Increased wetted surface involved. 

The optimum efficiency obtainable depends on the specific rotary speed and on 
the mass-flow coefficient, related to inlet area. The internal adiabatic efficiency 
is very sensitive to the lift-drag ratio, irtiich leads to the recommendation of opti- 
mum surface quality finish and precision of manufacture. 

182. King, J. Austin, and Regan, Owen W. ; Performance of NACA Eight-Stage Axial- 

Flow Compressor at Simulated Altitudes. HACA WR E-5, 1944. (Supersedes NACA 
ACR E4L21, ) 

The design-point performance characteristics of the NACA eight-stage axial-flow 
conpressor and the effects of altitude on performance were determined. The compres- 
sor was tested at simulated altitudes of 50,000, 36,000, and 27,000 feet, and at 
rotor speeds corresponding to compressor Mach numbers of 0.80, 0.85, 0.90, and 0.95 
for a range of air flows. 

The design pressure ratio of 5 was obtained at a simulated altitude of 36,000 
feet at au adiabatic temperature-rise efficiency of 0.83. The Remolds number ef- 
fects are manifested by a decrease in efficiency of 4 points at Mach 0.80 for an 
altitude increase from 27,000 to 50,000 feet. 
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The effect of Reynolds numbers on cot^resBor performance vas larger than gener- 
ally assumed, and higher pressure ratios per stage than usual could he obtained vlth 
good efficiency. 

183. Sinnette, John T., Jr.; Analysis of Effect of Basic Design Variables on Sub- 
sonic Axial -Flow-Compressor Performance. NACA Rep. 901, 1948. (Supersedes 
NACA H!l E7D28. ) 

A one-dimensional compressible-flow blade element theory for axlei-flow com- 
pressors was developed and applied to the analysis of the effects of bsisic design 
variables such as Mach ninnber, blade loading, and velocity distribution on compres- 
sor perfonnance. A graphical method useful for approximate design calculations ia 
presented. The relations between adiabatic and polytropic efficiencies, blade- 
element efficiency, blade-element pressure ratio, and specific mass flow are 
discussed. - _ . _ 

The uses and limitations of blade-element theory are fully discussed. The 
limitations arise chiefly from blade-end and wall boundary-layer secondary-flow 
effects. In applying blade-element theory, the use of drag -lift -ratio values ob- 
tained from cascade measurements is suggested for the middle portion of a blade, 
and augmented values near the blade ends. The recommendations are only qualitative. 
The significant factor is the drag-lift ratio, however, not JuSt the drag. The need 
for secondary-flow research and three-dimensional flow investigations is pointed out 
in order to obtain improved compressor designs i 

The blade-element-theory approach is applied to the possibilities of improving 
compressor performance by considering the velocity distributions carefully. Advan- 
tages of the free-vortex design are its siarplicity and the high aceureuiy with which 
the flows can be calculated. Its disadvantages arise because the inlet Mach number 
is well below the limiting value for most of the blade length, resulting in low 
stage pressure ratios and an Increase in relative velocity across the rotor hub. 

The symmetrical velocity diagram with constant total enthalpy at-all radii 
eliminates these dlfflcultlesj and, in addition, the specific mass flow is increased 
over the free-vortex design. The inlet stage pressure ratio is higher for the 
synmetrical-velocity-diagram compressor; and the pressure ratios obtainable in later 
stages are also higher, because higher rotor speeds are possible. One disadvantage 
of a compressor designed for a symmetrical velocity diagram is the very low axial 
velocities near the tip, especially after the rotor, at low mass flows. 

A velocity diagram aomwhere between free-vortex and aymmetrlcal velocity with 
small enthalpy variation radially la suggested as a good design conpromise. 

The blade-element theory is applied to an analysis of the complicated inter- 
actions among variations of axial velocity from stage to stage, rotor speed, maximum 
pressiire ratios obtainable per stage, increase in hub and/or tip diameter axially, 
tip-clearance losses, blade chord size, Reynolds number effects, and boundary-layer 
control in the diffuser. 

The analysis indicates that the effect of polytroplc efficiency on some flow 
relations across a blade row is of the same order of magnitude as Mach number 
effects . 

The importance of the relative Mach number on obtainable pressure ratios is 
shown. In order to maximize the pressure rettlos, design for near limiting Mach num- 
ber values on all blade elements is desirable. For a fixed inlet Mach number, in- 
creases in the ratio of mean whirl velocity to axial velocity in the hlgh-efflclency 
range of the ratio (i.e., near 1) leeui to rises in obtainable pressttre ratios and 
decreases in specific mass flow. 
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The veXocity dls’brlTDU’tion in the inlet stage is important in compressors with 
fixed Mach number limitations, because the inlet stage limits the mass flow and the 
rotor speed, which in turn limit the pressure ratios obtainable in. the rearward 
stages . 

Adjustable stator blades are found to be effective in extending the high- 
efficiency range of axial-flow compressors. 

184 . Wattendorf , Eh^ahh L. ; Mach Number LimltatlonB on Pressure Rise in Axial Com- 

pressor Design. Eng. Div. Memo. Rep. ENG-51 -9037 -1-3, Army Air Forces, 

Materiel Command, Feb. 25, 1944. 

This analysis indicates that, when the blade-inlet velocity of an axial-flow 
compressor is limited by local sonic Mach numbers, the mnYlTrnun pressure rise per 
stage is obtained by a combination of high wheel speeds and prerotation in the same 
direction eis the wheel rotation. 

185. Wattendorf, Frank L. : Factors Influencing the Utilization of High Mass Flow 

in Axial Flow Compressors. Proc. Seventh Int. Cong. Appl. Mech., vol. II, 
pt. II, 1948, pp. 398-407. 

Axial-flow-compressor design limitations for obtaining high mass flows are dis- 
cussed. The relations between stage pressure ratio or tensperattire rise, the influ- 
ence of hub-tip radius ratio, the Infliience of inlet axial Mach number on temperature 
rise, and the mass flow eo-e studied for several cases. A single-stage study Indicates 
a qualitative method of comparing compressor types. 

Several conclusions are reached; (l) Increased mass flow per unit fronteO. area 
can be obtained by use of more favorable combinations of mass flow and pressure ratio 
per stage. These, in turn, may result from deviation from limiting assungptlons, such 
as constant work radially and rigid body rotation. It is suggested, for an example, 
that flows with a variable energy input from hub to tip have more favorable charac- 
terlsticB than either free-vortex or solid-body flows. (2) Allowing the tangential 
con^jonent of velocity to vary at a rate less than free vortex permits smaller hub- 
tip radius ratios and greater mass flows. (3) The temperature rise at the hub will 
be less than at the tip. 

186 . Wallner, Lewis E . , and Fleming, William. A. ; Reynolds Number Effect on Axial- 

Flow Compressor Performance. NACA HM E9G11, 1949. 

The inlet Reynolds number effect on the performance of an axial-flow cong)ressor 
was Investigated. A reduction in the Inlet Reynolds number from 205,000 to 65,000 
decreased conrpressor efficiency, at constant pressure ratio, by 5 points, and the 
corrected mass flow 2 to 5 percent, at each compressor Mach monber. Tests on two 
additional corapressora of different design types gave the same results. 

The rate of change of efficiency with Reynolds number was most pronounced at 
low Reynolds numbers. 

187. Wix, Chung-Hua, Slnnette, John T., Jr., and Forrette, Robert E. : Theoretical 

Effect of Inlet Hub -Tip-Radius Ratio and Design Specific Mass Flow on Design 
Performance of Axial-Flow Compressor. HACA TN 2068, 1950. 

An analysis of axial-flow compressors was conducted to obtain the variations of 
the maximum allowable rotor-tip speed, pressure ratio, and power input per unit 
frontal area with design msiss flow per unit frontal area and inlet hub-tip radius 
ratio. The theoretical compressor design had constant work input radially to the 
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rotor, synmietrical velocity diagrams at all, radii, a rotor speed giving a maximum 
Mach number of 0.8 In the first stage, a variable hub radius giving a maximum Mach 
number of 0.8 in all succeeding stages, and a flov-tumlng limitation based on the 
work of survey 31 vlth a blade solidity of 1.5 at the hub. The constant -enthalpy 
and synsnetrlcal-velocity-dlagram compressor was chosen because it yields higher pres- 
sure ratios per stage, higher : specific mass flows, and higher design TOtor-tlp speed 
than the free-vortex type (see survey 183). The maximum Mach number of 0.8 was 
chosen because it ensbles a high pressure rise through the stages without resulting 
necessarily in appreciable efficiency losses. The modified turning limitation of 
survey 31 was chosen as conservative and convenient. 

A polytropic efficiency of 0.9 was assumed at the mean radius, and a range of 
mass flows was Investigated at each hub-tip radius ratio. The immber of stages 
chosen for each inlet radius ratio was the same as the number required to give am 
exit hub-tip radius ratio close to 0.9. In the calculations, simplified radial 
equilibrium, compressibility, and blade-element flow were assumed. The streamline 
curvatvire radially was neglected. 

The results of the analysis are as follows; At a given inlet hub-tip radius 
ratio, the design rotor-tip speed and pressure ratio i>er stage decreased with in- _ 
creaislng design mass flow per unit frontal area. For decreeing inlet hub-tip radius 
ratio, the maximum pressvire ratio per stage and rotor speed decreased. For decreas- 
ing hub-tip radius ratio, the over-all pressure ratio, specific power input, and 
design specific mass flow increased for most of the range covered, with limitations 
of constant maximum Mach mmiber to 0.8 for all stages and exit hub-tip radius ratio 
0.9. The specific power input per st^e wm ne^ly constant^ va^lng only slightly 
with the hub -tip radius ratio. 

188. Schulze, Wallace M., Erwin, John E., and Westphal, Willard B.: Investigation 

of an Ittrpulse Axial -Flow Compressor Rotor over a Range of Blade Angles. KACA 
RM L50F27a, 1950. 

This investigation follows survey 169 which found that, by turning the flow 
without— static-pressure rise, the turning-angle limit of an impulse compressor could 
be extended over the turning-single limit for cpnveptlpn^. compressors, smd higher 
pressure coefficients could be obtained. However, the specific mess flow and effi- 
ciency might be reduced. In the present study, the performance characteristics of 
the 75° turning impulse compressor w^_e inv^stigated_ov^_ a^wite ^rmge of blade 
setting angles and specific msisa flows. The results of 1316 inirestlgation dlaclose" ' 
that the design of an impulse axial-flow coa 5 >ressor is not as exacting as had been 
supposed. The compressor can operate over a wide no-surge ranges and, with a reason- 
able atatic-pressure rise, it can efficiently produce a very high total -presaure- 
rise coefficient . 

189. Savage, Melvyn, and Westphal, Willard R. ; Analysis of the Effects of Design 

Pressure Ratio Per Stage and Off -Design Efficiency on the Operating Range of 
Multistage Axial-Flow Compressors. HACA TN 2248, 1950. 

The effects of the off -design efficiency characteristics and design stage pres- 
sure ratios on the operating range and over-all efficiency of an axial-flow conrpres- 
sor are studied. The resiilts indicate that compressors with high stage pressure 
ratios have higher over -all off -design efficiencies and wider operating reuiges than 
compressors with low stage pressure ratios, if the blade-row efficiency cnirves for 
the two cases are considered to be similar. 

190. Bogdonoff, Seymour' M.; The Performance of Axial Flow Compressors as Affected 

by Single Stage Characteristics, Rep. Ro. 155, Aero. Eng. Lab., Princeton 
Univ., Oct. 1, 1949. (See also Jour. Aero. Bci., “vol. 18, ii5“. "5, May 1951, 
pp. 319-328.) 
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Calculations are presented for the off -design "behavior of three conrpressors 
with 6, 8, and 13 stages^ all designed for the same performEtnce characteristics. 

That is, each was designed to produce an over-all pressure ratio of 3.2, the same 
mass flow, the same mean "blade speed of 648 feet per second, the same axial velocity 
of 450 feet per second, and symmetrical velocity diagram at all radii. The differ- 
ent numbers of stages to do the same work were obtained by altering the change in 
the tangential velocity ccmiponent across the blade rcrws. Tlxis means the stage Icjad- 
ing was higher as the number of stages decreased. Accordingly, the air inlet and 
outlet angles were different for each of the three centres sors. 

The blade performance data and efficiencies, on which the ccmgiresBor calcula- 
tions were predicted, were obtained from cascade and isolated-airfoil tests. Three- 
dimensional and stage Interference effects were neglected. The single-stage varia- 
bles studied were blade loading, or pressure rise per stage, and efficiaicy variations 
with mass flow. 

At design speed, the six-stage compressor had the widest mass-flow range but 
the smallest (flattest) pressure-ratio range and efficiency variation with mass flow, 
because the change in percentage in developed pressure ratio or axial velocity is 
smallest for highly loaded blades. 

Multistage compressor stalling is discussed. It is proposed that the sudden 
sharp stall phenomenon in a multistage compressor mi^t be eliminated by compelling 
a con^iressor to stall at its rear stages first. 

191. Quenzer, H. , und Schwartz, G. : Aerodynamlsche Berechnungsmethoden fiir 

hochbelastete Axial verdlchter. Scbweizerische Bauzeit., Jahrg. 69, Hr. 31, 

Aug. 1951, pp. 432-435; 462-465. (Aerodynamic Celculatlon Methods for High- 
Power Axial Congjressors. ) 

A survey was made of con^iressor design to study the limitations on delivery 
pressure in a con^iressor. The study included the degree of reaction, its radial 
variation and optimum values, compressibility, thickness ratio, leading- and trailing- 
edge angles, and spanwise variation of circulation in guide vanes, when used. Bimple 
reidial equilibrium was assximed. 

Limitations imposed on the oon^jressor Mach number limit the delivery pressure. 

If we define Mu as — = — ■. speed ^ — then, when Mu is less than 0.7, 

velocity of sound locally' ' ' 

the rotor limits the delivery pressiire. For Mu greater than 0.7, the delivery 
pressure is limited by conditions in the stator, in the absence of guide vanes. The 
limits can be raised by use of guide vanes or appropriately designed inducers . 

192. "Voit, Charles H., and Thomson, Arthur R. ; An Analytical Investigation Using 

Aerodynamic Limitations of Several Designs of High Stage Pressure Ratio Multi- 
stage Compressors. HACA TN 2589, 1951. 

The effects _of the principal design variables on the stagewise design-point 
characteristics of axial-flow compressors having hl^ average stage pressure ratios 
are analyzed to determine the closeness of commercial compressors for turboprop and 
turbojet engines to the practical limit of stage total -pressure ratios. The weight 
flow, total-pressure rise, and tip speed are calculated for stages having limitations 
on Mach number, deflection, coefficient of lift, and ratio of static-pressure rise 
across a blade row to the entering axial-dynamic head. Two compressor design types 
ere compared, both for constant work radially. The first type has wheel -type flow 
entering the rotor and vortex flow added in the rotor. The radial position of the 
symmetrical- velocity-diagram point is carefblly chosen. The second type is the 
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compressor with symmetricEil velocity diagram at all radii. Provided, the radial lo- 
cation of the symmetrical- velocity-diagram point is properly chosen, the first type 
is the "better compressor. 

The simplified analysis is then extended to multistage comparessors with typical 
stages similar to the first type. It is found that the relative inlet flow angl es 
to the rotor tip must "be chosen carefully (i.e., lower in later stages) in order to 
get high pressure ratio per stage. .Tilmitlng the static-pressure rise ("by increasing 
the axial velocity stagewise) in order to avoid boundary-layer troubles has a marked 
effect. Con 5 )arlson 6 made with conpressors in which the best angle (as prescribed in 
this report) for each group of stages (inlet, intermediate, or exit) is not chosen 
show the advantages- of the careful choice. For given limiting conditions, the aver- 
age stage total pressure was affected only slightly by deviations of the axial ve- 
locity from the optimum. However, it wsis eonsid^ably reduced by deviations of the 
relative inlet-air angle from the optimum. 

193. Savage, Melvyn, and Beatty, Loren A.: A Technique Applicable to the Aerodynamic 

Design of Inducer-Type Multistage Axial-Flow Compressors. HACA TN 2598, 1952. 

This study is one of a series of investigations of compressor designs in com- 
parison with the simple free-vortex type. 35ie useftilness of solid body flow was 
demonstrated in survey 101. Surveys 37 and 167 showed that the solid body flow com- 
pressor can.be designed with efficiencies equal to those of the free-vortex type. 

An analysis was made comparing the wheel of the solid body type to the synmetrical 
velocity diagram at all radii compressors (survey 187 ) , and the latter were found 
better. Another velocity diagram type, irtiich inherently could equal or surpass the 
symanetrlcal velocity diagram at all radii types, was investigated in survey 192. 

This report proposes a oompresscr first stage having the radial total-temperature 
distribution required to make the second stage inlet axial— velocity component constant 
radially. This, it is hoped, will redxoce the axial velocities and penult higher rota- 
tive speeds. The remaining stages have constant work input radially, solid-body aver- 
age tangential velocities, and radially constant Inlet axial velocities. 

Simplified general three-dimensional compressible-flow equations are derived 
which enable the axial-velocity distribution at any station to be calculated. The 
equations are applied to inducer compressor design to effect the desired stage char- 
acteristics. Preliminary design calculations are presented for a range of inlet hiib- 
tip radius ratios, mass flows per unit frontal area, and stage pressure ratios. 

The over-all compressor trends ar.e as follows i (l) Average pressure ratios of 
1.28 to 1.38 per stage can be attained for the range of inlet hub-tip radius ratios 
from 0.4 to 0.6, and at weight flows from 20 to 32.5 pounds per second per square root 
of inlet frontal area. (2) The design rotational speed increases as the specific 
weight flow drops, at constant-inlet hub-tip radius ratio. ( 5) The specific weight 
flow increases as the hub-tip radius ratio (tecre^iaeSj.^ f or constMt_ speed. (4) The_ra- 
dial flow increases with decrease in specific weight flow at constant inlet hu"b-tip 
ratio. (5) The radial flow is sharply reduced as the inlet huh-tip ratio goes from 0.5 
to 0.6, at constant weight flow. (6) Large increases in radial flow and over-all total- 
press\ire ratio are obtained from small increments in. design.. rotational speed. (7) 

The stage inlet-air angles increase stagewise. (0) The stage inlet-air angles in- 
crease as the specific weight flow decreases at each inlet hub-tip ratio. 

The trends for stages following the Inducer stage are as follows: (1) The 

amount of radial flow decreases with Increasing hub-tip. ratio at constant power-input 
ratio. (2) The radial flow increases with power-input ratio at constant hub-tip 
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ratio. ( 3 ) The radial flow decreasea with increased hub-tip ratio, power-input ratio, 
and hub inlet-air angle at constant hub turning angle and tip rotational-speed ratio. 
( 4 ) The power-input ratio, radial flow, and hub inlet-air angle all increase with the 
tip rotational-speed ratio at constant hub turning angle and hub-tip ratio. 

194. Maillet, E.; Sur le perfectionnement dee con 5 >resseurs et turbines. Bull. 

Assoc. Tech. Maritime et Aeronautique, no. 51, 1952, pp. 465-490; discussion, 
pp. 491-493. (Steps for the Perfection of Compressors and Turbines.) 

The characteristic parameters of axial-, radial-, and mixed-flow compressors 
are discussed. Turbojet and turboprop units are compared. For axial -flow congpres- 
sors, the manner in which cascades of different blade profiles, solidity, stagger, 
and pitch affect the adaptability of particular congpressor types to particular duties 
and the effects of limiting Mach numbers, tip clearance, and boundary layers are 
discussed. 


195. Jarre, Gianni: Compressori assiali dl elevate rendimento. Giornata della 
Sci., 1952, pp. 39-44. .(High Efficiency Axial Flow Compressors.) 

The classification criteria of all types of axial compressors are presented. 
An analysis of the factors affecting efficiency leads to the conclusion that high 
efficiencies are “difficult to obtain with high compression ratios per stage. The 
technical solution will require many conpromises. 


196. Naylor, V. D.; Propeller Parameters and the Axial Compressor, Aircraft Eng,, 
vol. XXV, no. 293, July 1953, pp. 190-193. 


The chief propeller parameters are discussed, and their relation to axial- 
compressor parameters are established. The thrust coefficient advance ratio 


J, and pitch ratio p/D are associated with p’ 


— 2 — , v/u, and the stagger angle, 
PVV2 


respectively, of compressors. Surging criteria from propeller theory are applied 
to the compressor case. Experimental plots for thrust coefficient and torque coef- 
ficient Eq against advance ratio for values of p/D can be found in terms of com- 


pressor coefficients as well. Two numerical examples are given. While the propeller 
parameters do not explain the mechanism of airfoil stalling, they do Indicate surge 
regions to avoid in terms of the propeller coefficients. 


F. CCMPEESSOR BOUNDARX-LAYER EFFECTS 

197. Burgers, J. M.: Some Considerations on the Development of Boundary Layers in 

the Case of Flows Having a Rotational Component. Nederl., Akad. van 
Wetenschappen, vol. XLIV, nos. 1-5, 1941, pp. 12-25. 

The effects of main-flow circumferential velocities and wall rotation on a 
viscous boundary layer are discussed. The tangential- velocity component of the main 
stream acts as a retarding force when the wall radius, is increasing but aids in the 
transition to turbulent boundary layer. Rotation of the inner wall has the effect 
of driving the boundary-layer fluid toward sections of larger diameter end thus 
reducing the chances of separation. 

The flow of the boundary-layer air along rotating blades, under the. Influence 
of centrifugal force and radial pressure gradients, leads to the conclusion that 
there is a marked tendency toward centrifugal flow in the boundary layers along the 
blade suction surfaces and a less significant tendency on the pressure side. Flow 
of the boundary layer upstream of the bleules is discussed. 
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198. Weske, J. E.: Tfivestigatlon of Blaj3e Cbaracter.iBtlcB . TranB. A.S.M.E. vol. 66, 

no. 5, July 1944, pp. 413-418^ dlscuseion, pp. 419-420. 

The flow through the hlade rovs of turbines or axlal-flov Compressors is ob- 
tained on the basis of airfoil theory. A correlation is established between the 
aerodynamic characteristics of the blade elements and the performance characteristics 
of the blade rovs. Test results obtained, on a lov-solidlty rotating grid Indicate 
that the lift-coefficient range for the root and mean sections is greater than the 
corresponding range for fixed blades. The maximum lift coefficient is greater than 
that obtained from corresponding wind-tunnel data for con 5 >ressors and turbines. 

Experimental investigations of radial boundary-layer flows show that the blade 
boundary flows radially outward, when the blade rotative speed is greater than the 
main-stream tangential velocity component. Such boundary-layer and wake displacement 
outward by centrifugal force Improves the lift characteristics and reduces the pro- 
file drag of the root section. When the blade rotative speed is less than the main- 
stream tangential velocity component, the boundary lay^ n.ows inward. 

Performance curves of blade sections, based on pressure-distribution measure- 
ments on rotating blade rows, disclose a lower efficiency and higher etall limit 
than were obtained from airfoil data in the wind tunnel. 

199. Weske, John R. : An Investigation of the Aerodynamic Characteristlca of a 

Rotating Axial -Plow-Blade Grid. HACA TN 1128, 1947. 

PresBure-dlstrlbution measurements and pltot-tube and hot-wire surveys were made 
to Investigate the characteristics of rotating axial-flow blade rows. The radial 
displacement outward of the boundary layer delayed root stall and precipitated early 
tip stall. Boundary-layer interactions along the casing, hub, and blade surfaces 
and the radial shifts of-the wakes are dlacussed., . 

The following concliisions are presented: (1) The assumption of an infinite 

aspect ratio in two-dimensional flow theories is inadequate for both blade rows with 
solidities of approximately 1 and thickness ratios of the present blade row (see 
survey 205). (2) The stalling points of the outer and middle blade sections are 

related, indicating that stalling spreads inward from the outer section. (3) For 
the rotating blade row, the root aectlon did not stall even at very high values of 
lift coefficient at which the tip stalled. It is concluded that rotating decelerat- 
ing blade rows can be designed for higher loading at the roots than current practice 
(1947). (4) Because of the low value of the effective aspect ratio, the range of 

minimum drag coefficient is small. The maximum lift-drag ratio occurred at less than 
design lift coefficient. Therefore, profiles with. more _cgmber than the present test 
section should be chosen for the root and mldspan sectlona. (5) The radial boundary- 
layer displacement and the wakes are major factors controlling effective aspect ratio, 
and perhaps causing tip separation. Boundary-layer removal at the tip is suggested. 

200. Boxer, Emanuel: .Tnfluence of Wall Boundary Layer Upon the Performance of an 

Axial -Flow Fan Rotor. HACA TN 2291, 1951. 

Spoilers were used to obtain and evaluate the influence of six boundary-layer 
configurations on the performance, at low Mach numbers, of a single axial-flow fan 
designed with no allowance for boundary layers. 

The drop in peak efficiency was small, 2^ percent, even when the disturbed flow 

region was greater than half the duct width. It is suggested that the loss in effi- 
ciency might be reduced by decreasing the blade pitch cuigle in the boundary-layer 
region to conform with the upstream velocity profile. 
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201. Alswortfa, Charles C., and lura. Torn: Theoretical and Experimental Investiga- 

tions of Axial Flow Compressors. Pt. 3 - Progress Beport on Loss Measurements in 
Vortex Blading. Mech. Eng. Lah., C.I.T., July 1951. (Navy Contract H6-0EI-102, 
Task Order IV . ) 

The results are presented of detailed measurements of the flow patterns in a 
single-stage axial -flow compressor with free-vortex "blading. The measurements of 
flows through the rotor indicate that the perfect fluid design theory of survey 57 
is adequate for the central 80 to 90 percent of the "blading. The leaving angles 
were predicted quite closely, even in the stalled region. Profile losses were the 
same as for a similar two-dimensional casceide at moderate incidence angles, "but the 
coinpressor configuration did stall at lower Incidence angles. 

In the stator, the loss observed near the blade ends was larger than could have 
been expected purely on the basis of viscosity and real flow effects on the walls 
(see surveys 230 and 231) . 

202. Wu, Chung-Hua: Survey of Available Information on Internal Flow Losses Through 

Axial Turbomachines. MACA EM E50J13, 1951. 

The information on internal flow losses in turbomachines is briefly surveyed. 

Both nonvlscous and viscous flow losses are discussed, and a short bibliography is 
Included. 


G. CCMPEESSOE TESTING TECHNIQUES AND USSTEUMENTS 

203. Weinig, F. ; Testing of Multistage Compressors with Heavy Gas. Tech. Rep. 

F-TR-2143-ND, Air Materiel Cotmaand, Wright Field, Dayton (Ohio), June 1947. 

Use of a suitable heavy gas such as Freon instead of air as a flow medium 
enables tests to be conducted on models that are geometrically similar to the full- 
scale air-flow configurations, "but which are smaller, have lower tip speeds, smaller 
temperature rises, and are easier to construct. The results would apply fully and 
directly to the full-scale compressors, if it were possible to maintain geometric 
similarity, the same Reynolds and Mach numbers, and the same delivery pressTire in 
all stages. The last two conditions can be met at two stations only, because ""of 
differences in the adidbatic exponents of Freon and air. The inlet of the first 
stage and the exit of the last stage are commonly chosen. The discrepancies at lo- 
cations between those stations grow larger with increases in delivery pressure. 

Only 1.4 percent of the full-scale power consumption was required for a 1/25- 
scale-model Freon compressor. 

204. Huber, Paul "ff., and Kantrowitz, Arth\ir; A Device for Measuring Sonic Velocity 

and Compressor Mach Number. NACA TN 1664, 1948. 

A Helmholtz resonator with variable volume, which measures the velocity of 
sound in fluids, is especially adaptable for use in rotating machines. Better than 
0.5-percent accuracy is obtained in measuring the compressor Mach number (blade tip 
speed/ inlet stagnation speed of sound) . 

205. Erwin, John R., and Emery, James C.: New Approach to Axial Compressor Cascade 

Testing Technique. S.A.E. Quart. Trans., vol. 4, no. 2, Apr. 1950, pp. 275- 
286. 
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A new method for houndary-layer removal on tunnel walls of caacadee. Involving 
suction through porous walls at low speedsj, is explored for a range of Reynolds num- 
hers. The results indicate that porous-wall suction applied to cascades of conpres- 
sor blades makes possible the attainment of two-dimensional flow effects and for the 
first time enables reliable cascade data to be obtained. Another conclusion is that 
conventional conpressor blade cascades of aspect ratio 4 do not simulate the two- 
dimensional case. Evidently very large aspect ratios are required. 

206. Hassan, Mahmoud All: Anwendungen der elektrolytischen Methode ajif die Betz ‘ache 

Theorie der Spaltverluste an Schaufelgittem. Mitt, sus dem Inst, f . Aero. 

(Zurich), Nr. 15, 1949. (Application of the Electrolytic Method to th^ Betz’s 

Theory of Clearance LOffSes on Blade Cascades . ) 

An electrolyte in a tank analogue to potential flow is used to determine the 
Induced tip-cleareince losses for rotating blades. The method compares well with an 
analytic solution for the flow around the walls with induced cross flows. 

207. Erwin, John R., and Emery, James C.; Effect of Tunnel Configuration and Test- 

ing Technique on Cascade Performance. NACA Rep. 1016, 1951. (Supersedes NACA 

TN 2028.) . 

This report is one of a series of investigations into the characteristics of 
airfoil CEiscades and the application of cascEide data to turbomachlne design use. 

Among earlier- -reports on blade design data resulting from this study were sur- 
veys 121 and 150, It Was recognized early that accurate blade design data were 
difficult to obtain even in a two-dimensional configuration, because of boundary- 
layer and viscous flow complications. 

The experimental lift coefficients for airfoils in cascades are less than those 
obtained theoretically (svirvey 122) . Furthermore, the differences are greater than 
for the corresponding isolated airfoils, and the discrepancies were attributed 
largely to end-wall effects. This is a reflection. On the validity of the assump-. 
tion of two-dimensional flow as required for the theoretical solution. Even more 
serious complications may be expected in a three-dimensional configuration typical 
of a compressor. In survey 151, the investigation was extended into the highly- 
cambered blade range. At the same time, investigations were finding ways of 
eliminating the end-wall effects and in^roving the comparison between experimen- 
tal and theoretical data. The results obtained in two-dimensional-cascade tests, 
in which boundary-layer removal was attempted by the use of suction slots and 
suction throTigh porous end walls, are reported. The investigation was made to de- 
termine the influence of aspect ratio, Reynolds number, and boundary-layer control 
on the performance of adjrfoils in cascade at low speeds. 

Tests with solid walls disclosed large discrepancies between theoretical two- 
dimensional and experimental data (not for turbine cascades, however). Proper control 
of the boundary layer by slots and jrarous walls resulted in flows that compared well 
experimentally with two-dimensional-cascade fliTW theory. 

The results and techniques of this investigation were later applied in survey 

124. 

208. Grant, Howard P. : Hot-Wire Measurements of Stall Propagation and Pulsating 

Flow in an Axial Flow Inducer-Centrifugal Impeller System. Pratt and Whitney 

Res. Rep. No. 133, June 1S51. 
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An early Investigation of the phenomenon of propagating stalls using hot-wire 
instrumentation and techniques Is reported. A full description of the hot-wire 
anemometer and its uses is presented. How the observed readings from two anemometers, 
properly spaced, can he interpreted to indicate both the number and velocity of the 
propagating-stall regions is explained, and examples are presented. 

Some of the outstanding characteristics of propagating stalls, such as the num- 
ber, size, and speed of propagation of the stall regions varying with angle of attack 
and throii^-flow velocity, are reported more fully in later Investigations (see sur- 
veys 61 to 69 ) . 

209. Meyer, C. A., and Benedict, H. P. : Instrumentation for Axial -Flow-Compressor 

Research. Trans. A.S.M.E., vol. 7A, no. 8, Nov. 1952, pp. 1327-1331. 

The criteria for the use of instruments whose optimum dimensions are based on 
test data are presented in this report, together with a pertinent bibliography. Tem- 
perature measurements by means of thermocouples are discussed, and methods for in- 
creasing their accuracy are investigated. Among the other Instruments investigated 
are claw-type, spherical, disk-type, tip-clearance, averaging, and wake finger probes, 
Newton remote traverses, thermocouples, and static taps. Visualization methods are 
also discussed. 

210. Keast, F. H. ; Hig^i-Speed Cascade Testing Techniques. Trans. A.S.M.K., vol. 74, 

no. 5, July 1952, pp. 685-694. 

A method for boundary-layer control Is investigated by injecting air through 
slots immediately upstream of a cascade. The design and use of wedge-shaped probes 
and automatic integrating yaw and total -pressure instruments are discussed. CEiscade 
measured test results are converted into turbomachlne performance charts, and the 
calculations required are performed by punch-card methods. 

A discussion by W. B. Briggs on the tunnel characteristics, turbulence levels, 
and instrumentation of the investigation is llkerwise presented. 

211. Brunot, A. W., and Fulton, E. 0.: A Clearanceometer for Determining Blade-Tip 

Clearances of Axial-Flow Compressors. Trans. A.S.M.E., vol. 75, no. 1, Jan. 

1953, pp. 1-6. 

The design and use of "an instrument for determining the blade tip clearances of 
axial-flow conpressors are described. The development of a probe-type measuring 
head, the control circuits for operating the head, results from measurements using 
the Instrument, and illustrations showing clearances in axial-flow compressors at 
various operating conditions are presented. 

It is noted that, at the time, the instrument was not yet suitable for flight 
test use because of its weight and power requirements. Further research designed to 
simplify and adapt the instrument are in progress. 


SECTION III. END LOSSES AND SECONDARY FLOWS 


212. Meldahl, A.; End Losses of Turbine Blades. Jour. Am. Soc. Naval Eng., vol. 54, 
no. 3, Aug. 1942, pp. 454-466. 


Tip-leakage loss calculations, made on the basis of tests of a single reaction 
turbine, show an approximately linear variation of efficiency with tip clearance. 
The study discloses that the total end losses depend upon the blade shape at the 



74 


NACA EM E55H11 


tip, the pitch, the type of flow and tiortalence, the Reynblda number, and the Mach 
number. Blade end losses are considered inore than mere clearance phenomena. 
Secondary-flow effects and . vortex generation with and without tip clearance are 
noted. 

213. Ainley, D. G., and Jeffs, R. A.: Analysis of the Air Plow Throu^ Four Stages 

of Half-Vortex Blading in Axial Cong>ressors. R. & M, No. 2383, British A.R.C., 

Apr. 1946. 

Traverses were made behind every blade row at the operating condition for peak 
efficiency and ixresBure rise at low Mach numbers. A steady deterioration of the 
radial distribution of axial velocity through the compressor was noted. Agreement 
between the measured velocities and those predicted on the basis of slngile radial 
equilibrium was obtained only at the mean section. As a result of this deterioration, 
a "work done" factor was necessary to correlate the actual work done per stage with 
the theoretical value for contpressor design. The air deflections showed good agree- 
ment with values predicted by cascade tests but departed considerably from design 
values. This departure is attributed to secondary flows and the changes in velocity 
profile. Mesisurements disclosed both the presence of trailing vortices from every 
blade and secondary flows induced by the relative motion of the blade tips and end 
wall. It may be desirable to permit the variation of axial-velocity distribution 
through a compressor in order to reduce the stalling at the roots auid tips of high- 
pressure stages. Blade shrouding is likewise suggested. 

214. EausenblaS, H,: Flow in a Fcmr-Stage Axlatl Con^iressor. Z.V.D.I., vol. 

94, no. 9, 1952, p. 246. 

The analysis of the flow through the compressor of survey 213 is dlscuased, and 
attention is celled to the shift of the losses from inner radial positions to outer 
radial positions in the flow through the rotor,. .This, effect is attributed in part 
to the secondary-flow mechanism, ■ ■ - 

215. Weske, John R, : Experimental Investigation of Velocity Distributions Downstream 

of Single Duct Bends. NACA TN 1471, 1948. 

Velocity and pressure s\irveya were mside at the outlet sections of a large num- 
ber of duct elbows of varying cross-sectional shapes for a range of Reynolds numbers 
from 0.2x10® to 0.6x10®. The results indicate the same general patterns of flow for 
all cross-sectional shapes. The radiuB-jratlo variations were significant in regard 
to their effects on changing these patterns. 

Three distinct regions were observed in the common patterns ; (l) a core region, 

equivalent to the main flow region, with fairly constant total pressure throughout 
and velocity distribution close to potential flow, (2) the layer of peripheral flow, 
corresponding to the boundary-layer region near the walls, with low axial-velocity 
components and sizable peripheral velocity components, and (3) a region of eddying 
flow and low total pressures, in which meaSiireffie’QtB ^e difficult to make because of 
the large yaw values. Region (3) is found near the inner wail of all the curved 
ducts. When no separation is present, the flow in this region takes on a spiral 
twisting fonn in which the total pressure increases with distance from the center of 
curvature (see secondary-flow reports, surveys 230 to 234), 

The displacement of the boundary-layer fluids toward the bend inner wall region 
was noted, as well as the dependence of the amount of this displacement and the in- 
tensity of the spiraling upon the radius of curvature of the bend. The persistence 
of the spiraling motion for great distances was recprted. As in surveys 230 to 234, 
neither the length of the inlet duct, nor poor matching of inlet -duct joints eind the 
Reynolds number variations for the range covered, had an appreciable effect on the 
flow patterns. 
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216. Weske, J. R.: Secondary Flows in Rotating Blade Passages at High Reynolds 

Ihimbers. Proc. Seventh Int. Cong, for A^rpl. Mech.j vol. 2, pt. 1^ 1946, pp. 
155-163. 

A two-dimensional analysis of the radial houndary-layer displacement in a free- 
vortex main stream away from the hlade end region is hsised on Euler's equation. The 
analysis includes the effects of blade length and blade angles on the radial-velocity 
components, and the influence of the radial velocities on the blade surface pressure 
distribution and on losses in the rotor blade row. The stability of the secondary 
flows in the boundary-layer regions of the rotor bladeh is analyzed. A theory is 
advanced for tip stalling in the rotor blades of an axial-flow compressor. 

217. Hausmann, George F.: The Theoretical Induced Deflection Angle in Cascades 

Having Wall Boundary Layers. Jour. Aaro. Sci., vol. 15, no. 11, Nov. 1948, 
pp. 686-690. 

A lifting-line theory is developed for the induced incompressible nonviscous 
flow in a two-dimensional cascade having wall boundary layers, in order to obtain 
a general expression for the downwash velocity. The theory is developed for cases 
of thin boundary layers, in which changes of boundary-layer shape and thickness can 
be neglected. The velocities induced by a modified vortex system associated with 
the wall boundary layers of two-dimensional cascades are determined and are consid- 
ered to approximate corrections of the deflection-angle data for cascade tunnels. 
Replacing the cascade blades by lifting lines leads to two correction factors, one 
accounting for the induced deflections due to the trailing vortex system In the wall 
boundary layers, and the other accounting for the decrease in totsil circulation of 
the bound-vortex system. 

The effects of blade length, boundary-layer thitdmess, and the number of blades 
on the deflection angles of several cascades are shown. 

218. Carter, A. D. S.: Three Dimensional Flow Theories for Axial Conpressors and 

Turbines. Rep. No. R.37, British N.G.T.E., Sept. 1948. (See also War Emer- 
gency Issue No. 41 pub. by Inst. Mech. Eng. (London). Reprinted in U.S. by 
A.S.M.E., Apr. 1949, pp. 255-268.) 

Secondary flows in CEiscades are discussed from experimental and theoretical 
viewpoints. The secondary flows are attributed to tralling-edge vortices and to 
phenomena associated with both nonuniform approach velocities and spanwise variation 
of circulation along the blades. Quantitative estimates of the flow deflections are 
attenpted. The flow of a perfect fluid througdi an annulus is considered, and the 
flow requirements of radial equilibrium are discussed. 

The effects of tip clearance and relative motion between the blades and the wall 
are discussed in general terms. The boundary-layer displacement, work done, and in- 
duced drag are linked together. 

219. Carter, A. D. S., end Cohen, Elizabeth M. : Preliminary Investigation into the 

Three-Dimensional Flow Through a CaiBcade of Aerofoils. R. & M. No. 2339, 
British A.R.C., Feb. 1946. 

A general discussion is presented of secondary flows in cascades of straight 
airfoils based on experimental observations of total -pressure, static-pressure, and 
flow-angle measurements upstream and downstream of cascades. The tunnel wall bound- 
ary layers are observed to have a considerEtble displacement effect on the main flow 
as a result of their interaction with blade tralling-edge vortices, which are attri- 
buted to variation of circulation along the blades (see survey 230) . 
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220. Squire, H. B., and ¥inter, K. G.: 3Sie Secondary Flow in Cascade of Aerofoils 

In NonJCJniform Stream. Rep. No. AERO. 2317, British R.A.E., Mar. 1S49. (See 
also Jour. Aero. Sci., vol. 18, no. 4, Apr. 1951, pp. 271-277.) 

This theoretical- euid experimental report vas the forerunner of a series of 
studies of nonviscouB secondary-flow Investigations (e.g., surveys 220 to 228). The 
purpose of the nonviscous secondary-flow approach is to obtain a good physical pic- 
ture of the flow characteristics hy use of simplified equations. However, precise 
details of the flow behavior are not obtainable from this approach. The theory con- 
siders the secondary flow in a guiding passage (pipe, channel, blade row) resulting 
from a nonuniform total pressure upstream of the turning configuration^ that Is,- 
corresponding to the case of a very thick boundary layer. As the fluid turns, second- 
ary flows develop and are attributed to components of vortlcity In the same direction 
as the through-flow velocity vector. 

The analyses of this series are based on the following three governing equations 
for the flow of a steady'incompressible nonviscous fluid; 

curl (V X a) =0 

div a = 0 

dlv V = 0 

where V and C are the velocity and vortlcity vectors of the flow, respectively. 

An expression is derived for the secondary-flow component generating vortlcity 

parallel to the throiogh-flow downstream. The theory assumes the secondary-flow ve- 
locities as a perturbation on the potential two-dimensional free-vortex primary flow. 
From knowledge of the vortlcity component the secondEiry-flow velocities are 

found. By addition to the primary flow, a first approximation to the euztual flow may 
be obtained. No self -transport of vortlcity is assumed. 

The secondary flows are responsible for losses congiarable to induced drag losses 
of the same order of magnitude as the pressure losses resulting from profile drag 
effects. The agreement of experiment with theory was fairly good, (see surveys 48 
and 237 ) . 

221. Stephenson, J. M. : Secondary Flow in Cascades. Jour. Aero. Sci., vol. 18, no. 

10, Oct. 1951, pp." 699-700. 

A simpler alternate derivation of the results of survey 220 is attempted by use 
of the principle of conservation of circulation in order to calculate the gyroscope 
effect (noted in survey 220), where flow into bends contain vortlcity. 

222. Loos, H. G., and Zwaaneveld, S.: Secondary Flow in Cascades. Jour. Aero. Sci., 

vol. 19, no. 9, Sept. 19.52, pp. 646-647. 

Discrepancies in the method of adding trailing vortices noted in survey 221 are 
discussed. Another method is developed using the method of survey 225. 

223. Yeh, H. : Secondary Flow in Cascades. Jour. Aero. Sci., vol. 19, no. 4, Apr. 

1952, pp. 279-280. 

The chief result of stirvey 220 is obtained for the first approximation to the 
secondary flows downstream of a cascade with parallel nonuniform spanwise flow enter- 
ing the cascade. 
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224. Hawthorne, W. R. : InducecL Deflection Angle in Cascades. Jour. Aero. Sci., 

Tol. 16, no. 4, Apr. 1949, p. 252. 

An analysis of flow patterns (similar to that of survey 217) leads to the con- 
clusion that the flow deflection in a cascade of finite span is greater than that in 
a cascade of infinite span. 

225. Hawthorne, Hilllam R.: Secondary Circulation in Fluid Flow. Gas Turbine Lab., 

M.I.T., May 1350. (See also Proc. Roy. Soc. (London), ser. A, vol. 206, no. 

A1086, May 7, 1351, pp. 374-387.) 

As in survey 220, secondary flows are attributed to components of vortlclty in 
the same direction as the flow vector.- Beginning with the same three governing equa- 
tions as survey 220, the local rate of change along the streamlines of this secondary- 
flow vorticity is derived in an analysis ■ assuming an incongiressible nonviscous steady 
main flow with no body forces. The. secondary flow is considered a perturbation on 
the primary flow; no self -transport of vorticity is permitted. An ejspresslon is 
found relating the secondary-flow vorticity component to the velocity, the streamline 
curvature, and the incoming total -pressure gradient. By integration along the two- 
dimensional streamlines, the effects of the secondary-flow vorticity distribution are 
determined. By addition of these perturbation effects with the two-dimensional main- 
stream flow, the streamline displacements resulting from secondary- flow effects are 
evaluated. 

Applying this theory to the flow in pipe bends results in secondary flows that 
are oscillatory, and not spiral. This, result is highly qualified by the sussumptions 
made in developing the theory. Agreement- with ejsperiment indicates that, while fluid 
friction is responsible for the secondary flows as it generates the varying total 
pressure of the fluid at the inlet, it is this stagnation-pressure gradient, not the 
friction losses in the pipe (or channel) bend itself, which governs the secondary- 
flow development throughout the fluid, for this particular investigation. 

226. Kronauer, Richard E. : Secondary Flows in Fluid Dynamics. Pratt and Whitney 

Res. Rep. Ho. 132, Gordon McKay Lab., Harvard Uni v. , Apr. 1951. 

To obtain more exe«:t solutions for the nonviscous secondary- flow analyses of 
surveys 225 and 2^1, an iteration process of successive approximations is developed. 
Starting with an assumed first approximation to the velocity field under investiga- 
tion, a vortex field is calculated by means of the Cauchy vorticity equations. The 
vortex field is then integrated to give a new velocity field, and the process is 
repeated -until discrepancies between successively calculated velocity fields are ' 
small. 

The computational difficulties make it undesirable to calculate more than one 
step in the successive approximation scheme. In order for the results to be meaning- 
ful, a good starting approximation nnist be made. The author believes that enoiigh is 
usually known about the desired solution to do this. 

227. Eichenberger, Hans P. : Shear Flow in Bends. Tech. Rep. Ho. 2, Office Haval 

Res., Gas Turbine Lab., M.I.T., Apr. 15, 1352. (Contract H5orl07848.) 

Even though the nonviscous -flow analyses (s\irveys 220, 225, and 226) are sim- 
plified approaches to the secondary-flow problam, solutions of the governing equations 
are nonetheless difficult to obtain. Use of more simplifying assunqitions would 
qualify still further the validity and meanlngfulness of the results so obtained. A 
more exact perturbation--type solution Involving series expEinslons -with Bessel func- 
tions, developed in this report, provides a partial answer to the question. The sim- 
plified solutions for the cases computed agree well with the more exact solution. 
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228. Ehrich, F. F., anfl Detra, E. W.; Transport of the BouncLary Layer in Secondary 

Flow. Jour. Aero. Scl., vol. 21, no. 2, Feh. 1954, pp. 136-138, 

It is assumed that the secondary velocities, and thus the perturbation stream 
function (representing the secondary flows) in the plane perpendicular to the 
through-flow, build up linearly through the cascade. On this basis, a stepwise 
procedure is developed for calculating the movement of a particle of fluid in the 
plane perpendicular to the main-flow direction as it progresses through the passage. 
Thus, both the streamline paths and the secondary vortlcity can be determined through 
a bend. ■ 

229. Sllberman, E. : Importance of Secondary Flow in Guide Vanes Bends. Proc. Third 

Midwestern Conf. on Fluid Mech., Unlv. Minn., 1953, pp. 669-686. 

An experimental investigation of the secondary flows in 90° guide- veme bends 
is presented for three vane prof lies and a ran^of solidities. The major losses 
due to secondary flows in cascade rows occurred downstream. These losses are occa- 
sioned by the increased wall shear resulting from transport, by secondary-flow action, 
of high-velocity, main-stream fluid onto the duct walls downstream of the vanes. The 
generally small effects of secondary flows on main-stream deflection are pointed out, 
but the locally Important secondary-flow effects on deflection angles near the end 
walls are ignored. , , - . 

The effect of secondary flow on total-pressure lose is divided into two parts: 

(1) loss that can be measured immediately behind the vanes, and (2) the increased 
shear-flow loss previcaisly discussed, which is measured farther downstream. 

230. Herzig, Howard Z,, Hansen, Arthur G,, and Costello, ^eorge S.: A Visualization 

Study of Secondaiy Flows in Cascades. NACA Rep. 1163, 1954. (Supersedes HACA 

TH 2947.) 

The secondary-flow patterns in the bourEdary layers of various cascades and 
turbomachine configurations were investigated for a range of flow speeds from about 
30 feet per second to Mach 1.4. The general plan adopted was to investigate second- 
ary flows in slitrple two-dimensional configurations first, and then to proceed to 
more general three-dimensional configurations. Flow-visualization techniques, such 
as smoke filaments, were used to trace tte patterns at low speeds. Chemical and 
paint traces were employed at the higher ^eeds. The information obtained from such 
boundary-layer tracing was correlated with total- and static-pressure and flow-angle 
surveys made by more conventional instrumentation, in an effort to— obtain an over-fdl 
plctiure of the fundamental flow patterns that exist in real flows . 

The end-wall boundary layer of a two-dimensional cascade undergoes complicated 
three-dimensional motions as it moves under the influence of main-stream turning. 
Overturning in the boundary layer results in cross-channel secondary flows that tend 
to accEimuiate near the suction side of the passage, giving rise to flow vortex for- 
mation well up within each cascade passage. The size and tightness of the vortex 
generated depend upon the main-flow tiuming in the cascade. In downstream blade rows, 
such a flow vortex can cause serious flow disturbances and unfavorable flow angles. 
Thus, while very little energy may be involved in vortex formation, the losses insti- 
gated by the flow vortex in succeeding stages may be in^ortant . 

Two major tip-clearance effects were observed: the formation of a tlp-cleetrance 

vortex, and the scraping effect of a blade in relative motion past the wall boundary 
layer. The magnitudes of these effects are functions of the tip speed, the amount 
of tip clearance, the blade-tip shape and stagger, the main-flow speed and turning, 
and the direction of relative motion. Detailed studies of the tip-clearance flo^ 
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and the blade Bunface boundary-layer flows indicate possible methods for improving 
the blade-tip loading characteristics of cong>ressors and turbines. By careful choice 
of the optimum tip-clearance size (not necessarily the minimum clearance), blade-end 
shape and speed, main-flow turning, and so forth, the tip-clearance-region disturb- 
ances can be minimized. 

Extensions and applications of both the information presented in this report 
and the experimental research techniques enqjloyed are made in succeeding investiga- 
tions (see surveys 231 to 233) . 

231. Rohllk, Harold E., Kofskey, Milton G., Allen, Hubert W., and Herzlg, Howard Z. : 

Secondary Flows and Boundary-Layer Accumulations in Turbine Nozzles. NACA Rep. 

1168, 1954. (Supersedes NACA TN's 2871, 2909, and 2989.) 

An Investigation of secondary-flow loss patterns originating in three sets of 
t\irbine-nozzle blade passages was conducted by means of flow-visualization studies 
and detailed flow measurements. For all cases, hi^ loss values were measured in 
the fluid downstream of the comers formed by the suction surfaces of the blades and 
the shrouds, and these losses were acoonq)anied by discharge-angle deviations from 
design values. Despite the sizes of the loss regions and the angle gradients, over- 
all mass-averaged blade efficiencies were of the order of 0.99 and 0.98, indicating 
that such mass -averaged blade efficiencies do not convey much information about the 
flow conditions and are not a good index of blade performance. 

The inner-wall loss core associated with a blade of a turbine -nozzle cascade is 
largely the accumulation of low -momentum fluids originating elsewhere in the cascade. 
This accumulation is effected by the secondary-flow mechanism, which transports the 
low-momentum fliilds radially in the blade wakes and boundary layers and across the 
channels on the walls. At one flow condition investigated, the radial transport of 
low-momentum fluid in the blade wake and on the suction surface near the trailing 
edge accounted for approximately 65 percent of the inner-wall loss core, about 30 
percent resulting from flow in the thickened boundary layer on the suction surface, 
and about 35 percent from flow in the blade wake. 

The degree to which blade-surface velocity profiles affect the magnitude and 
concentration of loss cores was investigated by comparing three nozzle-blade config- 
urations. Flow- visualization studies and flow measurements at the lower Mach numbers 
indicate that thickened blade boundary layers existing on the blades near the outer 
shroud, as a result of unfavorable blade surface velocity profiles, may provide the 
conditions required for passage vortex formation. Under these conditions, sizable 
outer-shroud loss cores are found at the nozzle discharges. Blades having thinner, 
two-dimensional suction profile boundary layers, however, appear to offer resistance 
to passage vortex formation near the outer shroud, and an inward radial flow of low- 
momentum air results in the blade wake. Under these conditions, the inner-shroud 
loss region at the nozzle discharge is large, while the outer-shroud loss region may 
be quite small in comparison. 

In both .cases, reduced loss accumulations along the outer shroud are obtained 
at the higher Mach number, as shock boundary-layer thickening on the blade surface 
provides an additional path for the radially inward flow of low-momentum fluid. 
Therefore, the results indicate that passage vortices may not form for all blade con- 
figurations and flow conditions but their formation may be governed to a large extent 
by blade boundary-layer thickness and separation. Comparison of well-designed 
constant-discharge-angle and free-vortex type blades .Indicates that the secondary- 
flow loss differences for these blades are so small that the choice of the type of 
blading, based solely on secondary flows, is of negligible concem. 
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232. Herzlg, H. Z., and Hansen, A. G.: VlsueG-lzation Studies of Secondary Flows with 

Applications to Turtomachines . Preprint No. 53-A-56, A.S.M.E., 1953. 

Most of the factual information obtained in surveys 230 and 231 is presented in 
condensed form, end methods for control and diversion of the secondary flows for ap- 
plication to turhomachinery are discussed briefly. Centrifugal effects were not 
included in this study. 

233. Kofskey, Milton G., and Allen, Hubert W. : Smoke Study of Nozzle Flows in a 

Low-Speed Turbine. NACA TN 3260, 1954. 

Still and motion pictures were made of boundary- layer and weike secondary-flow 
phenomena, vdsualized by smoke in a very low-speed turbine specially designed for 
the purpose. The motion pictures effectively present many of the phenomena described 
by photographs and works in the earlier reports in the series (surveys 230 to 232). 
The boundary-layer cross-channel deflections, radlsil lrlow^ ’accumulations, and vortex 
formation near the suction surfaces are all demonstrated. The double-layer nature of 
the cross-channel boundary- layer flow Is discussed, and blade-row interference phe- 
nomena are demonstrated. The motion of a downstream rotor blade row is seen in the 
motion pictures to produce pulsations in the nozzle tra.1.11 ng-edge radlsil-flow 
patterns . 

The motion-picture supplement may be obtained on loan from NACA Headquarters, 
Washington, D. C. 

234. Stanltz, John D., Osbom, Walter M., and Mizisln, John: An Experimental In- 

vestigation of Secondary Flow in an Accelerating, Rectangular Elbow with 90° 

of Turning. NACA TN 3015, 1953. 

Total -pressure surveys at the inlet and exit and the static-pressure distribu- 
tion were measured on the pressure and suction surface of a 90° elbow designed for 
accelerating flow so that boundary-layer separation was avoided (Stanitz, John D. : 
Design of Two-Dlmeneloiial Channels with Prescribed Velocity Distributions Along the 
Channel Walls. I - Relaxation Solutions. NACA TN 2593, 1352). The data, which 
were analyzed using the continuity and momentum laws, disclosed the presence of flow 
vortices near the suction surfaces of the elbow. The vortex showed no appreciable 
spanwise motion as it moved downstream from the elbow exit. 

Spoilers at the inlet were used to generate a range of six boundary-layer thick- 
nesses on the plane wells of the elbow. As the spoiler size and the boundary-layer 
thickness increased, the vortex changed in size and spanwise position, these changes 
being quite sudden in a certain part of-4;he boundary-layer-thickness range. The 
report speculates that at this point, the boundary-layer thickness has become such 
that the viscous effects have reduced importance (as in survey 230). The analysis 
suggests that the strength of the secondary vortices and the energy of the secondary 
flows are small. 

235. Smith, Leroy H., Jr.: Three-Dimensional Flow in Axial -Flew Turbomachinery. 

Pt. I. Theoretical Determination of Secondary Flow. Rep. 1-14, Mech. Eng. 

Dept. Internal Flow Res., The Johns Hopkins Univ., Nov. 1953. (Air Force 

Contract AF-33(616)-152. ) 

Assuming nonviscous flows, the direct and inverse axisynanetrlc flow solutions 
are presented in a form intended to expedite secondary-flow discussion. The assump- 
tions and limitations on the methods are pointed out. The induced turning and radial 
velocities due to secondary-flow effects are deduced from the axisymmetric solution. 



KACA RM E55H11 


81 


04 

Oi 

CD 

cn 




The necessary conditions for significant secondary flows are expressed, and methods 
for considering their effects In compressor design are investigated. Trailing vortex 
sheets, their effects, and secondary vorticity associated with circulation downstream 
of a "blade row are discussed. 

236. Smith, Leroy H., Jr.: Three-Dimensional Flow in Axial -Flow Turhomachlnery. 

Pt. II. Experimental Investigations. (Air Force Contract AF-33(616)-152. ) 

The Johns Hopkins Univ. , May 1954. 

A single-stage low Mach number compressor was "built according to the theory of 
the first part of the Investigation (see survey 235), in order to determine the 
feasibility of using highly rotational flows to achieve high pressure ratios per 
stage with high mass flows. Hie test restilts Indicate that It Is possible to use 
highly rotational flows, that the design camber can be made for such flows by axl- 
syrametrlc theory with good results, and that compressors with good efficiency can 
thereby be achieved. 

A good estimate of the' magnitude of the expected secondary flows can be obtained 
from the axlsymmetrlc solution. For long passages and conditions where there are 
large secondary flows, spanwise energy transport may make the axis 3 rrametrip solutions 
inaccurate (see siarvey 231). For such cases, a modified axlsymmetrlc solution would 
be required. The effects of blade-thickness taper may be significant and should be 
considered (see survey 142). The effects of vorticity self -transport causing passage 
vortex formation (see survey 230) and the unsuitability of the two-dimensional con- 
tinuity criterion for analyzing the behavior of thin wall boundary layers are 
discussed. 

237. Ehrlch, F. F. : Secondary Flows in Cascades of Twisted Blades. Preprint No. 

432, Inst. Aero. Sci., Jan. 1954. 

The flow of a nonviscoua fluid with spanwise nonuniform velocity distribution 
through a two-dimensional cascade with nontwlsted blades is discussed in survey 220, 
the uniform flow through a cascade of twisted blades is reported in survey 48. In 
the present report nonuniform flows past twisted blades are analyzed, the secondary 
flow being considered as a perturbation on the main flow. The general result ob- 
tained reduces exactly to the solution of survey 220, and is qualitatively and quan- 
titatively similar to the results of survey 48, for their respective cases. 

238. Dean, Robert C., Jr.: Secondary Flow in Axial Compressors. Gas Turbine Lab., 

M.I.T., May 1954. 

A review and evaluation of a great deal of secondary-flow research, both theo- 
retical and experimental, is presented, and a bibliography of over 40 related reports 
is surveyed. Discussions of the assvmiptlons, the methods employed, and the inter- 
pretations of the results obtedned are included. The net result is portrayal of the 
physical phenomena involved, as well as an ^preciation for the problems Incurred in 
handling and investigating secondary flows. 

A theoretical treatment of the problem of determining the "secondary- vorticity 
behavior of the boundary layer skewing through a cascade is developed, tested, and 
evaluated in a manner emphasizing the governing physical parameters. One result in- 
dicates that the strength of a vortex formed in a passage with large main-flow turn- 
ing may be expected to Increase as the inlet wall boundary becomea thinner or the 
turning angle larger. 

An approximate theoiy is developed to include the effects of streamwise pressure 
gradients, alwEys previously ignored. The analysis applies to thin boundary layers 
for cases of small main-stream turnings but does not apply to the behavior of 
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boundary- layer fluids close to the vails in diffusing passages. The experimental 
verification of the analysis, which was difficult and not quite suitable, but hope- 
ful, indicates the importance of considering presBure,_stresseB in secondary- flow ^ 
analyses. To widen the scope of__the analysis, the effects of shear stresses are in- 
vestigated by means of a momentum analysis of a thin n.ami nar boundary layer on the 
plane wall of a turning passage. The approximate analysis indicates the Importance 
of viscous stresses (and turbulence stresses) on the boundary-layer flows near the 
wall. 

239. Mellor, George L., Jr.; Theoretical Consideration of Secondary Flow. Rep. 

27-2, Gas Turbine Lab., M.I.T., Dec. 1954. (Contract N5-ori -07848. ) 

A more exact extension is made here of the analysis presented by survey 235, 
which investigates the laws of vorticlty transport for inconpresslble nonvlscous 
steady flows . The main or primary flow is obtained by an axlsymmetrlc solution, and 
the secondary flows are assumed to be small pertiubations on the primary flow. Se!^- 
transport of vorticlty is ignored. Mixing losses in the main stream occasioned by 
secondary flows may be significant. 

240. Wu, Chung-Hua, and Wu, Wen; Analysis of Tip-Clearance Flow in Turbomachines. 

Tech. Rep. No. 1, Dept. Mech. Eng., Gas Turbine Lab., Polytechnic Inst, of 
Brooklyn, July 1954. (Contract Nonr 839(04} HR-062-172, Office Naval Res., 

U.S. Navy.) 

A basic analysis is presented of the blade tip-clearance flow in turbomachinery. 
The flow is assvmied viscous, incon?pressible, and steady. Both low and high Reynolds 
numbers are considered. . . 

An analytical solution of the low Reynolds number case results in an expression 
for the velocity distribution in the tip-clearance space in terms of pressure gradient 
and relative blade-to-wall speed. No analytical solution can be obtained for the high 
Reynolds number case. An approximate solution yields an e;j^ression similar to that 
obtained for low Reynolds numbers. “ 

The pressure gradient over a blade section at the tip is affected by the blade 
loading, the shape of the tip section, the casing boundary-layer characteristics, 
the viscosity, and the relative blade-to-casing motion (see surveys 212 and 230). 
Velocities through the tip-clearance space are governed by the pressure gradient, 
which varies as the square of the tip clearance. Mass flow through the tlp-clearah.ee 
region depends upon the velocity distribution and the pressure gradient, and varies 
with the cube of the tip clesirance. 


SECTION IV. GENERAL HISTORICAL INTEREST 

241. Spannhake, W. (L. J. Goodlet, trans.); The Three-Dimensional Theory of Turbines 

and Pumps for Inconipresslble Fluids. R.T.P. Trans. No. 1568, British M.A.P. 
(From Forsch. Geb. Ing.-Wes., vol. 8, no. 1, Jan-Peb. 1937, pp. 29-34.) 

The flow through diffusers and impellers is examined by means of bound vortices 
and the infinite nuniber of blades theory. Using source-sink representations, the 
interaction of blades, casing walls, and disks is proved and discussed. The series 
representation convergence is alow (see survey 244). 

242. Eckert, B. ; Po'seibilities of Reducing the Length of Axial Superchargers for 

Aircraft Motors. KACA OM 1132, 1947. 
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Several types of construction, which might permit sufficient reduction of the 
length of ajcial hlowers for possible use in aircraft, are described: (l) a three- 

stage blower with adjustable rotor bladesj (2) a three-stage axial blower with guide 
vanes; (3) a four-stage axial supercharger with counterrotating rotors, gearing, and 
intermediate guide vanes; (4) a four-stage supercharger with counterrotating 

rotors and two gearings; (5) a five-stage supercharger similar to the last; and (6) 
a five-stage counterrotating axial blower with outside rotating drum. Comparisons 
of the various types are tabulated. 

243. Sorensen, E. : Constant-Pressure Blowers. HACA QM 927, 1940. 

The advantages of constant pressiorc design are discussed. All the energy im- 
parted by the rotor to the fluid is in the form of velocity head. Eeductlon in 
axial-flow area provides the rise in axial-flow velocity, which in turn causes the 
work input to appear as flow kinetic energy rather than as a pressure rise. 

Cavitation and separation hasards are great, and the diffuser design becomes 
critical. The chief advantage la in cheap construction. 

244. Sorensen, E.: Potential Flow Through Centrifugal Pumps and Turbines. NACA 

m 973, 1941. 

The two-dimensional complex potential for the flow through blades at rest and 
with rotation is given as definite integrals, as compared with the series represen- 
tation of survey 241. This avoids the difficulties inherent in the slow convergence 
of the series. 

The performance is computed and comparisons are made with the infinite number 
of blades method obtained by Euler's formula. The effects of variable numbers of 
blades are discussed, and sample calculations are provided. 

An analysis and computation for a flow potential due to blade rotation is 
presented. 

245. Ackeret, J. : Zum Entwurf dlchtstehender Schauf elgltter . Schweiz. Bunztg., 

Bd. 120, Nr. 9, Aug. 29, 1942, pp. 103-108. 

The two-dimensional potential flow past a finite number of blades is obtained 
by means of a source-vortex representation. 

246. Betz, A.: Axial Superchargers. HACA W 1073, 1944. 

The great length and narrow range of good performance of axial superchargers 
are discussed. An analysis discloses that the performance range disadvantages of 
Etxial compressors are not as large as they first appear. Methods of decreasing the 
length are discussed. Included are generel qualitative discussions concerning im- 
proved flow about the blades, use of shorter guide vanes, counterrotating Impellers, 
and increased steige performance by better design, manufacture, and use of supersonic 
velocities . 

247. Howell, A. E. : The Eresent Basis of Axial Flow Compressor Design. Pt. I. - 

Cascade Theory and Perf ormiEince . R. & M. Ho. 2095, British A.E.C., June 1942. 

General discussions are presented of vortex-flow theory and design, test anal- 
yses, Mach number corrections, tip-clearance efficiency correction, and three- 
dimensional flows in compressors. 
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Experimentally, the variation of profile loss with Reynolds number discloses 
that inlet Reynolds nuilibers helov 3x10^ are critical. Low-speed cascade tests re- 
siilts are contained in two curves of Mach number effects on the stalling deflection 
of the air and the efficiency. 

248. Howell, A. R. : Design of Axial Conqpressors. War Emergency Issue No. 12 pub. 

by Inst. Mech. Eng. (Iiondon), 1945. (Reprinted in U.S. by A.S.M.E., Jan. 

1947, pp. 452-462.) 

The use of basic fluid dynamics in con 5 >resBor design is explained, as well as 
the bases and use of some simplified design methods and the final check of a design 
by performance estimation. Main compressor types, such as reaction or Impulse com- 
pressors, generalized design curves, and flow coefficients are discussed. 

249. Welnlg, F.: Basic Considerations in the Design of Axial Flow Compressors. 

Pt. A - Calculation Fundamentals for Multi-Stage Axial Compressors. BUSHIPS 

338, vol. 5, May 1946. 

To combine single steiges successfully into a multistage compressor having the 
desired output, reliable preliminary calculations must be made. In order to achieve 
this purpose, basic concepts are outlined for single-stage and multistage conipreBBors 
including several efficiencies, types and sources of loss, velocity triangles, 
throttling, lift, drag, and circulation coefficients (blade loading), and others. A 
brief discussion is presented of Reynolds and Mach number effects, stage -matching 
requirements, and the influence of diameter ratio on efficiency. Homograms that 
facilitate the csilculatlons are described, 

250. Eckert, B., and Welnlg, F.; Basic Considerations in the Design of Axial Flow 

CongiresBors . Pfc. B - Axial Compressors. IWSHIPS 338, vol. 5, May 1946. 

Fundamental calculations for the design of axial-flow compressors are given, 
basic on air-flow euid airfoil theory. Methods for increasing the pressure rise per 
stage, such as higher wheel speeds and careful manufacture, are suggested. The 
efficiencies of in^nilse and reaction compressors, the effect of hub-tip radius ratio 
on over-all efficiency, and the regulation of a compressor are discussed. 

The conclusion is reached that axial-flow compressors are better than radial 
compressors because of their higher efficiency, more air-flow delivery, and better 
space requirements, that is, smaller frontal area. 

251. Encke, W.: Investigations on ExperimentEl Impellers for Axial Blowers. HACA 

TM 1123, 1947, 

Experimental impellers were designed to investigate the possibilities of in- 
creasing the pressure rise per stage enough to make multistage axial-flow coxpressors 
feasible for aircraft use, A qualitative discussion is presented about the relations 
among rotor speed, air-handling capacity, pressure rise, efficiency, and lift 
coefficient. 

252. Spannhake, W.: The Problem of the Flow Through Tuibomachines . Proc. Midwest 

Conf. Fluid Dynamics, May 1950. 

A general description is presented of some methods of improving turbine and 
compressor efficiencies by considering the blade circulation and the boundary layer, 
and by applying conformal mapping. 
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253. Baxter, A. D.: A CompEtrlson of AxlaX and Centrifugal Compressor Gas TurBlnes 

An Objective Examination of the Pros and Cons of a Ifiich Debated Subject. Air 
craft Eng., vol. XXIV, no. 281, July 1952, pp. 186-188; 197. 


The comparisons lead to a chart of values as follows; 





Axial -flow 

Centrifugal 

Performance 

Technical 

Efficiency checks: 





Pressure ratio 

7 

4.5 



Specific thrust 
Specific fuel 

66.0 

56.0 



consumption 

.85 

1.0 



Dimensions : 





Weight/thrust 
Thrust/ frontal 

0.3 

0.3 



area 

1000 

400 


Operational 

static ; 





Installation 

Maintenance 

Better 

Better 



Hunning: 





Vulnerab ility 


Better 



Flexibility 


Better 

Production 

Manufacture 

Materials 


Better 


and cost 

Machines 


Better 



Man-hours 


Better 


Lewis Flight ProiJulslon Laboratory 

National Advisory Committee for Aeronautics 
Cleveland, Ohio, August 30, 1955 
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